MODIFICATION OF THE STRONG-S5COTT BARLEY
PEARLER FOR WHEAT HARDNESS TESTS

by

DENNIS K. KUHLMAN

B.S., Kansas State University, 1970

A MASTER'S THESIS

submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Department of Agricultural Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1975

Approved by:

i (JA{{’

Ma jor Professor ! \



Lb
20605
T4
|17

K¥Z
C.% . ACKNOWLEDGMENT
Locdpg, +
The United States Department of Agriculture and the
Department of Agricultural Engineering, Kansas State University,
provided the facilities, assistance, and financial support for
this investigation. Thanks is given to Dr. C.A. Watson and Mr.
Ralph McGinity of the U.S.D.A. Grain Marketing Research Center
and Dr. William H. Johnson, Head of the Department of Agricultural
Engineering, for their support and guidance in carrying out this
research.
Speciai acknowledgment goes to Dr. Do Sup Chung, major
professor, for his thoughtful encouragement and direction. The

author wishes to thank the other members of the graduate com-

mittee, Dr. T.0. Hodges and Dr. J.C. Annis, for their assistance.



THIS BOOK
CONTAINS SEVERAL
DOCUMENTS THAT
ARE OF POOR
QUALITY DUE TO
BEING A
PHOTOCOPY OF A
PHOTO.

THIS IS AS RECEIVED
FROM CUSTOMER.



TABLE OF CONTENTS

Page
INTRODUCTI ON ] L] L] L] L] - - L] L] - . - L] L ] . » L} - . . L] L ] L] 1

REVIEW OF LITERATURE . . . I T T T I TR S RN
General Concepts of Wheat Hardness . +« « 4« + &« « « « « 3
Discussion of Hardness TeStS + + + « « s o » s « « +» o+ 4
Pearling Index . . . W 8 6 3 B o® m & W oW oW W w & ¢ 4%
Standard Pearling Test P 0§ i o F ¥ owowm o® o m o ® ® o= o® & % 15
Pearling Index InadequaciesS .+ + + s « s « s+ o« s« « » « 16

OB]ECTIVES . » L] a . - L] L] L] L ] Ll L] L] L] - L] ] L . L] L] L] - L] 19

MATERTIALS AND EQUIPMENT . . & « & o« s o 2 s 2 s« s o s » o« « 20
Experimental Material .+ « « « « o« o 2 o « s 2 o« » o« o 20

The Barley Pearler .+ « « « s o « s s « s s « » « o« 20
Modification of the Barley Pearler . « « « « « « « 22

Energy Recording Systems . . « « « o « o s s« « o« « 29
Calibration . . . « 4 4 + « o« o s « s o s s s+ « « « « 32
Experimental Procedure . « « +« + o « ¢ « « s s & » « « 38
Material Preparation . ¢« « o+ « s « s« s o s« o o« &« o« 38
Testing ProcedUre ., + o+ « « o s « s o o« s s o » « . 38
Experimental Design . + « 4 + « & + « 2 o o « « o o 39

RESULTS AND DISCUSSION . . & ¢ «  + s s s = s a » a s « o« 43

Experimental Results . . . . « « « « &+ o « + « « « « « 43
Statistical Model & & « .+ % & & & 5 & 8 = & % « & = &« 46
Variety Hardness Differentiability . . . + . « « . . . 49

Coefficient of Variatioh . y v « »  » » w o = « « 49

Duncan's Multiple Range TesSt . « + « « s « « « « « 54
Moisture Bffect & &« @ s+ &« 3 3 % % # & & « % = & 290
Variety Effect ¢ & &« % « % s & » & » & # % « & & 5B

Relationships Between Indicators . . . « . « « » o« « o« 60

9% Level . v 4w 4« s s e s s e 5 s s s e« s =« s« « . 69
12 Level ¢ « 5 o = = w & % % s« s s w & & ® 5 ® « « T%
ISR Level o & « & s % w ® % & & & & & & @ w9 & @ ¢ & 04
Hardness Indication Selection . « &+ « o o« » o « « « « 718
Proposed Standard Hardness Test . . ¢« « ¢« & o o« & o « 19

CONCIJUSIONS . L] . . . L] . ® . L] L] L) . L] L] L] [] (] . L] L] L] L] . 82
SUGGESTIONS FOR FUTURE RESEARCH . . . « +« + + s s« s« = s « &« B5
REFERENCES 3 e . . (] " L] [] L] * L] - L] L] L] L] a (] L] L] [] . (] . 86

APPENDIX A: EXPERIMENTAL DATA . . 4 &« & ¢ o « « o o« +« « o 90



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

General View of Strong-Scott
Barley Pearler

The Barley Pearler Before and After
Front View

LIST QOF FIGURES

Modification,

The Barley Pearler Before and After
Modification, Rear View

Coupling Arm Utilizing the
Dynameter Principle

Cantilever Beam with Strain
Gages Used to Measure Pearler Torque

Strain Gage Location and Wiring

-

Diagram Used for Sensing Torque

Pearled Sample Released Gates

Sample Input Gate Used on Modified

Pearler

Syntron Vibra-Flow Feeder

.

Daytronic Amplifier-Indicator and
Beckman Recorder System

Typical Pearlograph Curve and
Integrator Pen Trace

.

Electronic Monitoring Instruments

Wattmeter Calibration Curve

Gamet Shaker

Pearlograph System

Pearlograph Energy vs. Soft-Hardness

Number

rid

Page

23

24

24

26

26

27
30

30

31

3

33
36
37
36

41

81



Table
Table
Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

10.

11.

12.

I3

14.

#
16.

LIST OF TABLES

Wheat Tested in the study . . . . . . . .
Factors and Their Levels Examined . ., . .
A Summary of the Parameters Involved ,

The Results of Analysis of Variance for
Various Hardness Indicators . . . . . « .

Coefficients of Variation Used to
Compare the Differentiability of
Wheat Hardness | ., , & ¢« o ¢ & « & o & &
Coefficients of Variation Used to Compare
the Differentiability of Wheat Hardness
at 9% Moisture Content ., , . . . « « + .

Coefficients of Variation Used to Compare
the Differentiability of Wheat Hardness
at 12% Moilsture Content , , ., . + v « + o

Coefficients of Variation Used to Compare
the Differentiability of Wheat Hardness
at 15% Moisture Content , . . . . . . . =«

Groupings of the Duncan's Multiple
Rarige TesSt . . 4 & o« s o 5 © & & & & 4

Correlation Coefficients for All Hardness
Indicators at All Three Moisture Levels

Correlation Coefficients for All Hardness
Indicators at a 9% Moisture Level . . . .

Correlation Coefficients for All Hardness
Indicators at a 12% Moisture Level . . .

Correlation Coefficients for All Hardness
Indicators at a 15% Moisture Level . . .

Classes and Soft-Hardness Numbers of Wheats

TeSted [ ] L] L] - L] L] - [ ] L] L] L] L] L] L] . - a
Complete Experimental Data, Part One. , .

Complete Experimental Data, Part Two, . .

.

iv

Page
21

40

44

47

51

51

53

53

55

62

70

73

75

80
91
93



NOMENCLATURE

A, = Constant

My, = Mass of starting material at time zero

Mt = Mass of unbroken starting material left at time t
K,, = Size modulus

B = Constant

r = Size ratio

t = Time

p-f.= Power factor

Tp = Pearler torque

h = Chart height
Ep = Pearling energy
Cp = Value indicated by pearlograph integrator unit

Epw= Pearling energy indicated by wattmeter
S10= Number 10 Tyler sieve particle oversize
S14= Number 14 Tyler sieve particle oversize
520= Number 20 Tyler sieve particle oversize
PAN= Pan sieve - all remaining fine particles
PTQ= Pearlograph peak torgue

PWT= Pearler peak watts

AAP= Pearlograph area - total energy

AAW= Pearler wattmeter area - total enerqgy
PLI= Pearling index

BDN= Bulk density



TDN= True density
KWT= 1000 kernel weight
PCT= Protein content

MYD= Milling yield

vi



INTRODUCTION

The hardness of wheat is not only of scientific interest
but also of great commercial importance. During the storage and
transportation of grain from the field to the commercial pro-
cessor, there is a large amount of mixing of varieties, growing
locations, and other factors until the grain received by the
commercial processor is unidentifiable as to processing quality.
Also as grain is a complex capillary-porous body consisting of
natural polymers, there will be a variation of hardness from
kernel to kernel within a single variety. An index for wheat
hardness probably has little meaning or value in itself. 1Its
importance would necessarily depend on: how well it correlates
with other indexes of quality such as protein content, sedimen-
tation value, flour yield, starch damage, or percent vitreous
Kernels; its range of values for correctly classifying wheat with
respect to millability; and its capability of estimating approx-
imate power consumption and milling costs (Greenaway, 1969).

The problem of testing wheat hardness dates back almost
to the beginning of milling. Numerous attempts habe been made
to develop a method or machine to give reliable results of de-
termining wheat hardness. These methods have ranged from the
primitive test of chewing small samples and measuring hardness
from the reactions of human sense to hard or soft kernels to
the most elaborate mechinical systems. 1In spite of considerable

research efforts, a satisfactory hardness measurement has not



been developed.

For economic reasons, millers (processors) are interested
in a simple but reliable testing instrument to determine the
hardness of wheat. Hard wheat requires more power to mill and
also causes more wear and repairs on milling equipment, An
accurate hardness tester would enable millers to estimate milling
power and repair costs for a particular wheat sample. It would
also make standardization of milling procedures possible through-
out the milling industry. The flour from the mills could be
designated as to their relative qualifications for baking uses,
as hard wheat flours are generally used for breads while soft
wheat flours are used for pastry purposes.

Many types of instruments have been used to determine
wheat hardness. The decision as to which instrument modification
offered the best approach to the problem was not an easy one to
make. The basic approach used for this study was to make an
extensive survey of the literature regarding hardness measurement.
Then an effort for improving the operational procedures, machine
operation and output was made by a modification of the Strong-

Scott barley pearler, for wheat hardness tests.



REVIEW OF LITERATURE
General Concepts of Wheat Hardness

Wheat hardness is defined as the resistance of kernels to
deformation by external forces. Kernel hardness has been measured
as a means of assessing the mechanical properties of cereal
grains. An acceptable method of measuring kernel hardness has
been the object of a great deal of interest and investigation
in connection with grading, classifying and identifying the type
of grains for a particular use. Most instruments designed to
test wheat hardness have an abrasive, crushing, grinding or cut-
ting action. Those selected for laboratory work should be sturdy,
rapid and simple to operate (Greenaway, 1969). Any scientific
method of wheat grading must be of great rapidity of operation
in order to be of practical commerical value (Roberts, 1910).

In addition, they should lend themselves to standardization so
that results among laboratories agree.

For economic reasons, millers are interested in reliable,
guick, simple methods to determine wheat hardness that would be
applicable to plant operations. Hard wheat requires more power
to mill, causes more roll repairs and sieve replacements than
softer wheat. However, wheat that is too soft does not mill
well and produces low flour yields (Greenaway, 1969).

Wheat quality laboratories are constantly trying to im-

prove their methods of evaluating the merits of new varieties.



Plant breeders want to produce a grain that has high protein
content but is not exceptionally hard. Milling quality has
presented many problems to these laboratories arising from the
many factors entering into its evaluation and the difficulty of
measuring these factors accurately with laboratory milling equip-
ment. Poor milling quality is a function of rate milling, optimum
milling moisture, total flour yield, yield of patent flour and
ash content of patent or straight grade flour. All are inter-
related and an accurate measure of one is dependent upon existing
conditions of the remaining factors (Seeborg, 1953).

Wheat varieties differ in the ease with which kernels can
be converted to flour; hardness is one factor influencing this.
The miller desires a high total flour yield, a good yield of
patent flour and a low ash content in his product (Popham, et al.
1961). An easy efficient test to help the miller obtain the
correct type of wheat to produce the best possible product is
desirable. Also a hardness test would be helpful in determining
the amount of grain conditioning needed to bring milling capa-
bility to an optimum condition and if possible, to improve the

baking quality of a grain lot (Smeets and Cleve, 1956).
Discussion of Hardness Tests

The hardness of wheat grains have been approached from
many angles. Two equations express the integral rate at which

fines are produced from a homogeneous material in a grinding



process (Mular, 1962)}

Mo_Mt
or
T = Ao xS r (2)

where

An= constant

Mo= mass of starting material at time zero

Mi= mass of unbroken starting material left at time t
Ky= size modulus of the portion (Mg-M;)

B = constant that is generally egual to the distribution

modulus
(MM ) : . .
—t = the 1ntegral rate at which fines are produced from
a parent material
Y = size ratio which varies with time and is a function of
the input

Xo= size of unfractured parent

t = time

¥ = B/2

Equation 2 suggests that the actual energy expended per unit

mass to fracture that mass is proportional to the number of breaks
produced raised to some power. It has been demonstrated by

Mular (1962) that the Graudin-Meloy (1962) distribution for

single fracture (a distribution based on the assumption that a

random fracture of a homogeneous material produces daughter



particles of similar shape) is equally applicable to multiple
fracture and is related to the Gaudin-Schuhman {1960) distri-
bution (a distribution yielding the cummulative fraction finer
than any size, X) at least when the distribution modulus is
close to unity. The quanity, Ao X5 was found to be inde-
pendent of starting mass over the range studied when particle
size was held constant. The above equations are related to the
input energy to the grinding mill. This input energy concept of
determining wheat kKernel hardness can be used with both the
Brabender Hardness Tester (BHT) and a modified Barley Pearler,
but the value of K, is extremely variable for wheat kernels.

The meal granulation test described by Cutler and Brinson
(1935) may best be adapted for use by the wheat breeder. It
serves as a dependable aid in identifying the low protein hard
or yellow hard wheat that, though relatively low in protein,
are too granular for manufacture into satisfactory pastry flours.
Evidence has been presented by Cutler and Brinson (1935) which
suggests that the granulation of the wheat meal is highly stable
varietal characteristic. However, the granulation test does
not appear to be a good hardness indicator.

Some researchers used devices which allowed measurement
of the resistance of cutting kernels under controlled loading
conditions. One apparatus of this kind is the Murbimeter
(Chapon, 1963). The wheat sample is fed into a hopper from

which kernels roll down on a plate having a hollow wide enough



7

to take up one kernel. The kernel in the plate is pushed steadily
against one or two needles, and the resistance of compression

is measured by a calibrated spring. The force required to cut

off the kernel is electrically classified on one of six counters
according to the range of force encountered. According to
Mepplink (1968), the instrument indicated an inconsistancy of
wheat hardness and is sensitive to Kernel size. In an attempt

to improve the Murbimeter, a new device called the Temnometer

was designed. The mechanism of this device indicates the position
of loading weight on a balance beam as the knife cuts off the
kernel. The measurement of wheat hardness by the Temnometer
resulted in widely scattered data. In order to obtain a reliable
representative value for a given lot of wheat, at least three-
hundred kernels were required. The test results were greatly
effected by moisture content.

To measure the compressive resistance, Mepplink (1968)
constructed an apparatus, called the Comprimeter which is quite
similar to the Temnometer. The Comprimeter measures the force
required to compress a kernel between a flat-ended rod and plate.
About 150 kernels were tested to obtain an average compressive
resistance. Kernel size and grain moisture were found to effect
the results of the Comprimeter test to a considerable extent.
Khrushchev and Berkovich (Kuprits, 1967) designed an instru-
ment, called the PMT-3, to measure the resistance to indention

at different locations of an endosperm cross section. These



were termed micro-hardness measurements. The arithmetic mean
of the micro-hardness values, measured for the different locations,
was used to represent the hardness of a variety.

The first automatic wheat hardness tester was developed
by Cargill's grain research laboratory (Cargill, 1970). A
sample of grain was ground against a wheel; the quantity worn
off was measured and digitally computed, resulting in a hardness
reading in forty-five seconds. The automatic unit receives and
weighs the grain, sends it through the abrasive tester, computes
the degree of hardness, and prints out the results.

Shelef and Mohsenin (1967) made use of the Instron testing
machine to subject wheat grains to uniaxial compression loads.
Under a constant rate of deformation of 0.020 inch/min., the
load-deformation relation was linear up to a certain load,
non-linear bheyond it. Cyclical loading and unloading to a low
constant load within the linear portion of the load-deformation
curve showed that the deformation was partly recovered and partly
residual. The residual deformations remained constant. Under
these conditions, the behavior of the wheat grains was considered
approximately Hookean, and the classic theory of elasticity
was adapted for evaluation of their modulus of elasticity. The
apparent value for the modulus of elasticity obtained for wheat
at 9.1% moisture content ranged from 1.6 x 105 to 8.3 x 10° psi.
The relations between stress or strain applied and modulus of

elasticity possibly could be used as a hardness index. However,
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there is a rather large range in the apparent moduius of elasticity.

Katz et al. (1959) modified a commercial portable soft
metal tester {(known as the Barcol Impressor) to test grain. 1In
this test, a pre-loaded stylus is forced into grain sections
prepared by means of a micro-tome. The displacement of the
stylus, measured by a dial micrometer, is used as a hardness
index. This test does not produce reliable results and is very
time-consuming as only about fifty kKernels could be tester per
day. |

Bennett (1950) devised an electrically operated machine
for the rapid determination of hardness of grain. A mechanical
feeder delivers grain at a uniform rate between an inner driven
wheel (at 33 RPM) and an outer wheel which rotates only when
grain is being crushed. Since it is propelled by the pinning
action of crushing grain. Indexes to hardness are obtained by
a hydraulic piston-regulated recorder unit which is driven by
the outer crusher wheel when it rotates. The hydraulic pressure
in generated in a hydraulic cylinder, the plunger of which is
actuated by the torque transmilled to the crusher frame by the
crusher wheels. Either the number on the recorder or the hy-
draulic pressure, as registered on a pressure gauge, may be
used as an index of hardness.

There are five basic ways to evaluate the hardness of

wheat using a grinding or abrasive action:
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1. Measure the total energy required to grind a sample
2. Measure the peak torque required to grind a sample

3. Measure the total time required to obtain 100%
pearling or 100% grinding

4, Measure the percent pearled off or ground in a
specific time period

5. Run a sieve and particle size analysis on the pearled
or ground wheat sample.

Anderson, Pfeifer, and Peplinski (1966) applied the BHT
and a pin mill to obtain hardness or friability indexes that
clearly reflect differences in wheat types and varieties and that
give some indication of the response to fractionation by fine-
grinding and air-classification of the flours from the wheat.
Their work pointed out that the work expended in grinding proved
to be quite insensitive as a kernel hardness index. Their tests
indicate that the wheat can be rated according to kernel hardness
or friability, or both, by measurement of the flour yield or of
the flour fraction surface area in a standardized grinding pro-
cess. Tests are more sensitive when the flour fraction surface
area 1s measured, and most sensitive when flour fraction surface
area per unit of work is the hardness or friability criterion.

Williams (1967) did work on a particle size index (PSI)
test. 1Its principle depends on the breakdown of wheat kernels
under a standard grinding procedure and the test gives a con-
stant measure of kernel hardness. Kernel hardness as measured
by the PSI method has been shown to be closely relatéd to

damaged-starch content as measured by three chemical methods.
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Chemical methods as used in this procedure are expensive and

also time-consuming.
Pearling Index

The pearling test for the determination of kernel hardness
of wheat was developed by Taylor, Bayles, and Fifield (1939).

The machine used 1s the Strong-Scott barley pearler and consists
of a carborundum wheel coupled to an electric motor; the wheel
rotates in a closed case which provides an abrasive action to

the charge of wheat. The kernels whirl around between the
pearling stone and screen mantle, the motion of the kernels being
due to the transversal grooves in the stone and circular motion
of air currents within the case. The Kkernels bounce against the
stone and the screen mantle; the abrasive actioﬁ that occurs 1is
due to the impact and the acquired relative velocity between the
stone and wheat kKernels. The wheat charge is treated (pearled)
for a definite time period. The percentage of material retaining
on the screen mantle is defined as the pearling index. It has
been found that as the grain gets harder, less material is re-
moved in pearling and the greater the pearling index.

Kramer and Albrecht (1948) did work studying the pearling
test using the Strong-Scott barley pearler on small wheat samples.
They made the following observations:

1. In soft wheat, the amount of wheat pearled off is

inversely related to the moisture content of the wheat
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when moisture is raised in dry samples.

2. There is a linear relationship between sample size
and pearling index, irrespective of length of time
pearled or of kernel hardness in the range studied,

3. The action of the pearler is such that an index of
each kernel in a sample is obtained independently of
the average index of the sample.

4., The relationship between pearling time and pearling
index is not linear, although curvilinearity is not
very pronounced in pearling time from thirty to sixty
seconds.

In addition there was a distinct tendency for variability or
standard error to increase as the charge was reduced and for
coefficients of variation to decrease with longer periods of
pearling. They also found that in mixtures of soft and hard
vheat each component of the mixture retains its own pearling
index, the index of the mixture being the weighted average ac-
cording to proportions of mixture constituents. They reported
no significant differences between pearling indexes from single
and fractional pearlings. Here, fractional pearling refers to
the pearling of each sample in successive time increments (twenty
seconds increments up to three minutes); single pearling is
performed in a single operation for the corresponding period of
time. They adjusted the charge and the period of operation so
that tests from a smaller sample could be compared with the

standard one in case the quantity of wheat available was limited.
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A method of adjusting the pearling indexes was proposed, and the
procedure was discussed.

Work done by Taylor, Bayles, and Fifield (1939) with the
Strong-Scott barley pearler indicated that there appears to be
only a slight relationship, if any, between the percentage pearled
off and the protein content for either the winter or spring
varieties. More recently, Greenaway (1969) points out that
wheat hardness 1s associated with a high-protein, vitreous wheat.

McCluggage (1943) did work on the effects of certain
factors on the pearling test. He studied the effects of the tem-
perature of the wheat and the pearler, sifting of the pearled
wheat, speed of the stone and length of pearling time, size of
charge, size of the screen used in pearler, and moisture content
of the wheat. The results of McCluggage's work imply that the
pearling test is not sensitive to wide ranges in temperature.
Therefore, no elaborate system of temperature control is re-
quired to reproduce the same pearling results from day to day
and the ordinary variations of room temperature should have very
little effect upon the results obtained. The accuracy of the
pearling test can be slightly increased by sifting the pearled
wheat over a 20-wire sieve. There would appear to be no funda-
mental reason why different laboratories employing slightly dif-
ferent techniques regarding speed and pearling time should not
be able to obtain the same relative results. The siZze of the

charge introduced into the pearler makes quite a difference in
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the amount pearled off. Therefore, the charge size used for
any test must be specified. The size of the screen used in the
pearler had little effect on the outcome. However, to avoid
error, it is pointed out that worn screens and stones should be
replaced from time to time. The study indicated that variances
in the percentage pearled off 1is caused by the variety and the
station at which the sample was grown and that the moisture
content had very little effect in the 7% to 15% moisture range.
However, work done by Katz, Collins, and Cardwell (1961)
disagree. They point out that the hardness of hard wheat varieties
(hard red winter and durum) diminishes with increasing moisture
content. Soft white winter wheat showed no significant change
in hardness up to a moisture content of 13%. Above this value
of moisture content, their hardness showed a rapid decrease.
In all cases, the kernel to kernel variation in hardness was
much greater at high moisture content than at low moisture
content with durum wheat kernels giving the most uniform results
and soft white kernels giving the least uniform results.
Mechanical and rheological properties of grains were
studied by Zoerb and Hall (1960). They concluded that moisture
content had the greatest overall influence on the strength
properties of grain. The compressive strength modulus of elas-
ticity, maximum compressive stress, and shear stress generally
decreased in magnitude with an increase in moisture content.

Energy requirement for impact shear was higher than static shear



at a high
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molsture content but the modulus of resilience and

modulus of toughness did not vary greatly.

Standard Pearling Test

McCluggage (1943) proposed the following standard tech-

nique for

Equipment
1.

pearling test:

Strong-Scott Barley pearler, equipped with a number
30 grit stone, a 10-mesh screen of wire 0.041 inch in
diameter (Tyler code Tijor) and driven at a speed of
1725 RPM.

Stop watch or other timer of equivalent accuracy.
(Interval timers of the current-interrupting type
have been found unsuitable.)

Balance sensitive to 0.01 gram.

Sieve covered with number 20 wire.

Each charge (20gm) is weighed from cleaned, unsized
wheat that has been throughly mixed.

The charge is placed in the machine with the stone
running at full speed; sixty seconds later the slide
outlet is opened; and ten seconds later the motor is
stopped.

The pearled wheat is sifted over the 20-wire screen
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to remove dust and powdered material. The weight of
the material remaining on the screen is recorded as

the weight of pearled wheat.

Results

1. Triplicate determinations should be made on each
sample. These replicates should be averaged and the
results expressed as the percentage of the origional

sample removed in pearling (percentage pearled off).
Pearling Index Inadequacies

The Strong-Scott barley pearler has been the most pop-
ular device for measuring wheat hardness in the United States
because of its simplicity and performance. Hdwever, the use of
the barley pearler as a standard device does not seem practical
with the original design for many reasons. The following in-
adequacies are known from the literature:

1. Its results vary greatly among laboratories.

2. The range of pearling indexes from the hardest to the
softest wheat is relatively narrow due to the size
factor of the kernels.

3. Pearling index data will not separate clearly the
harder classes.

4. The machine was not designed to give data as consistent

as possible.
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Materials may remain on the screen mantle or between wires of
the screen after operation. Also, the slot opener design is
not adequate as a slight movement of the slot opener due to
kernel impact may allow material to escape from the enclosure.
It is surprising to note that no one attempted to improve the
Strong-Scott barler pearler to overcome the disadvantages of the
device for a period of years.

An attempt was made to improve the pearling technique by
Chung (1971). His work resulted in a new method for determining
the hardness of wheat by measuring the total energy required
to pearl a charge of wheat for a specified time period. It was
pointed out in this method, called the pearlograph technique, that
the eighty second pearling energy had the highest correlation
with energy parameters from the Brabender torque-time curve.
The eighty second pearling energy could be assessed as one of
the most desirable parameters investigated in that study. The
pearlograph was obtained by the modified barley pearler so that
the variation of the pearler shaft torque could be measured
as the pearling proceeds. Based on statistical and physical
considerations, the relation between the eighty second pearling
energy and the maximum rupture resistance was proposed as a
reference parameter for wheat hardness. This new parameter
was termed as "the soft hardness number"; the scale ranges from
zero to one hundred with linear subdivisions.

Chung (1971) pointed out several facts concerning the
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pearlograph chart:

ks

The pearlograph chart height at any instant during

the process indicates the material remaining within
the pearler.

The best measure of wheat hardness can be obtained
from the recorder chart area.

The kernel size effect is made very small by the
compensating characteristics of the pearlograph curve
for the different kernel size distributions.

The pearlograph chart area is affected by the variation
of grain moisture in such a way that, as grain
moisture is increased in the range of 7 to 15 per-
cent, the pearlograph area for the hard wheat remains
relatively constant.

The optimum pearling time, for which the pearlograph
chart area is integrated and used for rating wheat
hardness, was determined as an eighty second duration.
The basis for the decision was the maximum ratio of

the average effect of variety to that of grain moisture.
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OBJECTIVES

The objectives of this étudy were: (1) to make an ex-
tensive survey of the literature regarding the existing tech-
niques of determining the needed grain hardness measurement;

(2) to modify and improve the Strong-Scott Barley Pearler in
order to provide a more reliable and practical machine for wheat
hardness tests; and (3) to conduct experiments to standardize

the test procedures for wheat hardness tests with the modified

Strong-Scott Barley Pearler.
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MATERIALS AND EQUIPMENT

Experimental Material

The wheat used in this study ranged widely in variety,
region, and history of growth. Seven varieties of wheat were
chosen to represent the various hardness classes. Table 1 sum-
marizes the wheat used in the study. The samples were obtained
through the office of Markey Quality Research Division, ARS,

USDA, Manhattan, Kansas.

The Barley Pearler

The barley pearler consists of three main units: driving,
pearling, and particle collection. Pearling occurs between a
rotating carborundum wheel and a stationary screen mantle with
openings equivalent to a Number 10 Tyler sieve. The screen is
surrounded by the main frame; a side wall provides a journal
bearing to support one end of the wheel shaft. A chute is cast
as a part of the opposite side wall of the frame for introduction
of wheat samples into the pearler. This side wall is fastened
to the main frame of the pearler by-four cap screws and contains
a journal bearing to provide support to the other end of the

wheel shaft.
Wheat kernels whirl around between the screen and the ro-

tation stone; the motion of kernels is due to transverse grooves

in the stone, to impact (bouncing) with the stone, and to the
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Table 1. The Wheat Tested in the Study

Wheat Class Region of Growth Variety Year of Growth
HRW Pullman, Washington Bezosztaja 1970
SWW Walla Walla, Washington Omar (club) 1970
HWW Farmington, Washington Burt 1970
HRS Sidney, Montana Justin 1970
SEW Wooster, Ohio Reed 1969
Durum Fargo, N.D, Leeds 1970
Durum Fargo, N.D. Lakota 1970

circular air currents created. Most of the pearling is done
when the kernels bounce from the screen mantle enclosure.

The wheel shaft is directly connected to an electric
motor and runs at 1725 RPM. The bottom of the screen enclosure
is equipped with a manually operated gate which is closed during
pearling and opened after pearling to remove the pearled par-
ticles remaining on the screen mantle.

The particles which passed through the screen mantle are
collected within a large container and the pearled particles
remaining on the screen are collected within a smaller container
when the sample slot is opened. The general view of the pearler

is shown in Figure 1.
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Modification of the Barley Pearler

The barley pearler was modified to provide a more desir-
able and reliable system for measuring wheat hardness. Chung
(1971) modified the pearler to allow installation of a torque
measuring device with the modified system being termed the
pearlograph. The original pearler from the manufacturer was
utilized and was further modified to attempt to improve the
reliability of the machine. Figures 2 and 3 show the original
and modified machines.

For the torque measuring device, the drive motor was re-
placed by a double-ended shaft motor with the same operating
speed. Ball bearings were mounted on the motor shaft and
fastened to stands. A longer base was constructed to accommo-
date the extended length necessary to support the stands. For
convenience of operation, the pearler timer was mounted to the
side of the extended base. The pearler and motor shafts were
connected, in line, by a jaw-type flexible connector. Torque
transmission to the pearler was measured by utilizing the dyna-
meter principle. A coupling arm was extended from the frame of
the drive motor. A cantilever beam, as shown in Figures 4 and
5, was used to restrain the reaction force resulting from the
torque of the cradled motor. A ball bearing was mounted to the
end of the coupling arm to allow concentrated contact on the
restraining beam with a small frictional effect. fwo strain
gages were mounted at the center of the restraining beam, one

on the upper surface and another on the lower. To improve
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Figure 2. The Barley Pearler Before Modification
(left) and After Modification (right),
Front View.
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bridge sensitivity and bridge null-balance, two more identical
gages were latef mounted adjacent to the gages of the first set.
The physical and electrical arrangements of the four active
gages are shown in Figure 6.

The system was further modified by replacing the journal
bearings with ball bearings. With the original system, it was
noted that the wheel shaft was allowed to move in a lateral
direction. This lateral movement of the wheel shaft causes an
error in results obtained from the system. Also a period of
time was needed to allow stabilization of the system due to
friction temperature increases in the journal bearings of the
original pearler. This time was the period during which the
temperature rise would equalize in both the shaft and bronze
bearing. The amount of temperature rise could also be affected
by dust particles working into the contact area causing more
error in results. By using small ball bearings in place of the
journal bearings, equalization time was made very small due to
the large decrease in friction. The bearings selected for use
in this modification (Fafnir AWBAK) contained very good dust
seals so as to eliminate the dust problem. Also, lubrication
in the ball bearing was much more even. The lateral shaft
movement was eliminated without an increase in friction due to
the fact that the bearings used can withstand small thrust
loads. The coefficient of friction for this type application

of these bearings is around 0.00! (Anderson and Zaretsky, 1970).
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™

Figure 4. Coupling Arm Utilizing the Dynameter
Principle. >
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The vibration resulting from the pearler operation also de-
creased with bearing use.

Another problem noted with the original pearler design
was the pearler sample release gate. The vibration of the
pearling action caused the gate to open partially allowing mater-
ial to escape from the screen mantle enclosure. The original
gate was so shaped that it is difficult to be constructed. The
modified pearler contained a pearler release gate which was
shaped as a rectangle so as to allow easy construction. In
addition the modified gate allows the installation of a nylon
scraper on the top of the gate. This scraper would remove all
powdered and granular material from the top of the gate and
force it into the pearled sample when the gate is opened. This
nylon scraper is also tight enough so as not to allow vibration
to open the gate, thereby preventing the escape of any material
from the pearling action. A view of the original and modified
gate designs is shown in Figure 7.

The chute used for introduction of samples into the pearler
was modified so that a 1id would not have to be used to keep
particles from escaping out the chute during operation. This
was accomplished by inserting baffles at opposing angles inside
of the chute. Any material bouncing inside the chute would
strike one of the baffles and return to the machine to undergo
the pearling process. A view of the sample chute is shown in

Figure 8.
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To further improve the pearler, an even sample-fed
system was used to standardize the introduction of samples into
the pearler. The even-feed system used consisted of a Syntron
Vibra-Flow Feeder. This system is vibrating mechanism which
causes the wheat kernels to flow evenly down a tray and into the

pearler. The even-feed system is shown in Figure 9.

Enerqgy Recording Systems

Strain gages used for sensing tqrque output from the
hardness measuring machines were connected to a strain gage
amplifier-indicator. The system used in this study was the
Daytronic Model 300 D transducer amplifier-indicator. The elec-
tronic signal from the Daytronic system was fed into a recorder,
the Beckman Model 100500, which utilizes a standard 10-inch
cartesian coordinate recording chart. The recorder was equipped
with an integrator unit, the Disc Model 236 Chart Integrator.

An overall view of the Daytronic amplifier-indicator and Beckman
recorder systems is shown in Figure 10. Figure 11 shows a
typical example of the pearlograph curve with some of the term-
inology used.

Another method of measuring energy was to use a wattmeter
to monitor the performance of the electric motor which is actu-
ally a monitor of energy input to the pearler. For this purpose
an Esterline-Angus Graphic Wattmeter was used. To determine the
power-factor, p.f., of the electric motor, a General Electric

Recording Ammeter and a Simpson Model 263 Voltmeter were used.
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ORIGINAL MODIFIED

Figure 7. Pearled Sample Release Gates.
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Figure 8. Sample Input Gate Used on Modified
Pearler.




Svntron

Vibra-F

l

I

31



32
The equation needed to determine p.f. is:

watts (3)
(volts) (amps)

p.f. =

Having the power factor, the watts input can be converted to an
energy or torque value. A view of the electric monitoring

instruments are shown in Figure 12.

Calibration

To convert the chart values produced by the pearlograph,
calibration points were established throughout the working
range of torgques. Input torques were obtained by placing dif-
ferent known weights on the loading arm.

The chart height corresponds to the instantaneous torque,
which can be obtained by multiplying the length of the loading
arm by the weight loaded. Instantaneous power can be obtained
by multiplying the torgque by the angular speed, w, of the

rotating shaft:
Power = Torgue x W (4)

Constant speed was used throughout the experiments. The energy
required for pearling can be obtained by integrating the power

with respect to the operating time:
d e
Energy = ja Power d (5)

This corresponds to the area under the curve on the output chart.

For convenience, the recording chart speed was set at five inches
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per minute for all tests.
The relationship between the pearler torgque and chart

height is given by:

T, = 0.0084 h. (6)

where

Tp= pearler torque in Kg-m.

h = chart height in inches.

Energy consumed for pearling was calibrated against the
area of the pearlograph chart by the equations given above.
The indicated value recorded by the integrating unit was a con-
stant multiple of 1.4 times the actual area in the chart. The

calibrated energy is given by:

Ep = Cp 0.13006 (7)

where
Ep = calibrated energy in Kg-m.

C, = integrator count in pearlograph chart.

P

The wattmeter is a direct measure of power input. The
power factor was determined by a curve as shown in Figure 13.
This was obtained by loading the motor and obtaining measurements
of watts, volts, and amps. The actual power then may be obtained
by multiplying the watts times its corresponding power-factor

value obtained from the curve. For convenience in ‘this study,

the direct watt meter readings were used in the analysis of
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data. The pearling energy may be obtained by the relation:
Epw = AAW 5479.5 watt-sec. (8)

where

Epw = Energy from wattmeter in watt-sec.

:

Area under wattmeter curve in inches squared.
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Figure 12. Electronic Monitoring Instruments.
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EXPERIMENTAL PROCEDURE

Material Preparation

About three hundred grams of a wheat sample was obtained
from a bulk sample within the shipment bag. The bulk samples
contained fines, broken kernels, and foreign material. To
attempt to insure that the initial samples for each test were
nearly uniform, the fines and some foreign materials were
screened out by using a Tyler Number 10 sieve and about one
minute of hand shaking. Each of the three hundred gram samples
was then tempered to the proper moisture level. The method of
tempering used was to add the necessary amount of water (by
pouring directly into the grain and mixing well) to bring the
sample into the desired moisture level and allowing to stand
for ninety six hours in a closed container. The moisture content
of the sample was then determined by the oven method. Each
sample was tested at approximately 9%, 12% and 15% moisture

content.

Testing Procedure

To get an adequate torque response, it was determined that
a sample charge of about forty-gram was needed. All of the tests
were conducted using forty-gram samples. After checking to see
that all of the recorders were properly zeroed and were running,

the forty-gram sample was introduced into the running pearler
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for a period of eighty seconds. (Work done by Chung (1971) in-
dicated that 80 seconds pearling produced the oﬁtimum pearl-
ograph response). The sample release gate was opened after
eighty seconds of pearling and the sides of the pearler was
tapped lightly to dislodge any materials remaining in the pearler.
The pearled sample collected in the small container was placed
in a Tyler Number 10 sieve and was shook briefly to remove dust
in the sample. The pearled sample was then weighed and recorded.
This weight expressed as a percent of the original sample

weight is the pearling index. The ground material collected in
the larger container was then placed on a set of Tyler sieves,
numbers 10, 14, 20 and Pan, and run for one hundred cycles on
the Gamet shaker shown in Figure 14. After shaking for one
hundred cycles, the weight of the individual screens with

ground material on them was recorded. Each of the recorder
strip charts was then labled with a code which corresponded

with a master sheet. The master sheet indicated the date,
variety of wheat, classification of wheat variety, moisture
content, and test number. All weights were accurate to 10.01
gram. All tests were repeated five times. Figure 15 shows the

pearlograph system used in this study.

Experimental Design

Twenty-one series of tests were conducted with each series
consisting of five replications for studying the effects of two

factors with the modified barley pearler, moisture content of
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the sample and variety or classification of the sample. Seven
different varieties of wheat, having moisture contents of
approximately 9%, 12% and 15%, were tested. Factors and their

levels examined are summarized in Table 2.

Table 2. Factors and Thelir Levels Examined

Variety Classification Moisture®*
Content

Bezosztaja HRW 9%
12%
15%

Omar SWW 9%
12%
15%

Burt HWW 9%
12%
15%

Justin HRS 9%
12%
15%

Reed SRW 9%
12%
15%

Leeds Durum 9%
12%
15%

Lakota Durum 9%
12%
15%

*
Approximate Values
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Eight different measurements were made to examine the
above factors in a statistical analysis. These’eight measure-
ments were: weight on Tyler Number 10 sieve; weight on Tyler
Number 14 sieve; welght on Tyler Number 20 sieve; weight on Pan
sieve; peak pearlograph torque; peak wattmeter value (watts);
area under pearlograph curve (energy in Kg-m); and area under
wattmeter curve (energy in Watt-sec). Also measured for compar-
ison in the statistical analysis was the pearling index which is
the industry standard used with the Strong-Scott Barley Pearler.

The physical properties of the wheat samples were deter-
mined by commercial cereal grain laboratories. The properties
used in this study were: bulk density; true density; 1000 kernel
weight; protein content; and milling yield. These values will
be compared to the above nine measurements. It should be noted
that milling yield tests are not done on Durum wheat. The com-

putations on the data will take this into account.
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RESULTS AND DISCUSSION
Experimental Results

A complete summary of data taken in this study is found in
appendix A. The physical properties of protein content, PCT,
and milling yield, MYD, were determined by commercial labora-
tories and are expressed in percent. The moisture content was
determined by the oven method in the laboratory and is expressed
in percent. The bulk density, BDN, true density, TDN, and
1000 kernel weight, KWT, were determined according to cereal
grain methods. The nine hardness indicators consist of: the in-
dustry standard, the particle size reduction parameters, and the
energy parameters. The industry standard is the pearling index,
PLI, which is expressed as a percent. The particle size reduc-
tion parameters, cummulative oversizes for Tyler sieve numbers
10, 14, 20 and pan (S10, S14, S20, and PAN respectively) are
the weight of fines remaining on the screens after 100 cycles
in the Gamet shaker expressed in grams. The energy parameters
include: the peak torgue, PTQ, expressed in inches of pearlo-
graph chart height; pearlograph area, AAP, expressed as the
integrator count (which can be converted to Kg-m by equation
(7)); peak watts, PWT, expressed as inches of wattmeter chart
height; and wattmeter area, AAW, expressed as wattmeter area in
square inches (which can be converted to watt-seconds by equation

(8)). A summary of parameters is given in table 3.



Table 3. A summary of the Parameters

Involved
Parameter Definition Method Unit
PCT Protein Content-protein Commercial lab %
analysis
MYD Milling Yield-flour Commercial lab %
yield analysis
BDN Bulk Density Cereal grain 1bs/bu.
methoed
TDN True Density Cereal grain gms/cm3
method
KWT 1000 Kernel Weight Cereal grain grams
method
PLI Pearling Index material Strong-Scott %
remaining in enclosure Barley Pearler
at end of pearling per-
iod.
510 Weight of fines material Particle Size grams
from pearler remaining Reduction
on #10 Tyler sieve.
S14 Weight of fines material Particle Size grams
from pearler remaining Reduction
on #14 Tyler sieve.
520 Weight of fines material Particle Size grams
from pearler remaining Reduction
on #l14 Tyler Sieve.
PAN Weight of fines material Particle Size grams
from pearler collected Reduction
in pan sieve.
PTQ Peak torque-peak on the Energy Kg - m
pearlograph time curve
AAP Pearlograph area-total Energy Kg - m/sec

energy from area under
pearlograph curve.



Table 3. Continued
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Parameter Definition Method Unit
PWT Peak Watts-peak reading Energy watts
from wattmeter time curve.
AAW Wattmeter Area-total Enerqgy wat-sec

electrical energy from
area under wattmeter
curve.
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Statistical Model

The statistical model assumed for this research was that

of two fixed variables and one interaction term.

Xijk = B+ Vi + Mj + (VM)ij + Ei §x

That is:

(9)

where
X = hardness index
M = grand average of all possible Xijk
V = variety variable effect
M = moisture variable effect
VM= moisture and variety interaction
E = errors in system and procedures

Assuming this model, the following statistical computations

were performed on the data: the
Multiple Range Test; coefficient
coefficients. These statistical

test results as to their ability

analysis of variance, Duncan's
of varlation; and correlation
tests were used to analyze the

for indicating variety hardness,

hardness differentiability and their relationships to each other.

Variety Hardness

One of the objects of this

research stated earlier was to

improve the Strong-Scott Barley Pearler so that it would have

the ability to separate the wheat hardness levels with little or

no moisture effect.

By analyzing the data taken from the pearler
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in an analysis of variance table, one can use the F test (or
variance ratio) to point out the effect of each variable. A

very large F ratio tells us that the difference between groups

is more than can be accounted for by sampling error. A small F
ratio then tells us that a larger portion of the difference between
groups can be accounted for by sampling error. Then for a
hardness indicator that has good hardness-level separating ability
at any moisture level, one must look for a relatively high F ratio
for the hardness-variable (variety) and a low F ratio for the
moisture variable. A summary of the F ratios for each hardness
indicator is shown in Table 4.

Table 4. The Results of Analysis of Variance
for Various Hardness Indicators

Hardness F Ratio
Indicator
Variety Moisture Interaction

S10 304.805 312.297 51.896
514 369.182 569.061 98.628
520 150.867 128.313 34.559
PAN 68.914 38.181 2.928
PTQ 413.567 27.366 20.665
PWT 266.758 168.247 12.460
AAP 119,163 23.375 9.888
AAW 20.537 59.882 3.101
PLI 1220.683 1743.200 69.762

F-value ate= 0.05

In looking at the table summarizing the F-test values, one

can readily see that the pearling index (PLI) offers by far the
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highest F ratio for separating hardness levels of wheat. How-
ever the pearling index also has the highest F fatio for the
moisture effect. Then for any sample tested by the pearling
index method, the moisture content of the sample will most likely
effect the hardness level (value)., The interaction F ratio for
this indicator is fairly high adding more support to the idea
that the moisture content will effect the pearling index out-
come. Of the four sieve sizes tested, the Pan seemed to show
the best results. The pan had a variety F ratio of about twice
that of the moisture ratio. Also, the interaction term proved
to be insignificant. The other three sieve sizes tested all
had large moisture effects and a large amount of interaction be-
tween moisture and variety indicated by a relatively large inter-
action F ratios. The pearler peak torgque (PTQ) and the pearlo-
graph area (AAP) both show some promise of hardness indicators.
Both have fairly high variety F ratios and low moisture F ratios.
The interaction F ratios are also fairly low. The pearler peak
torque seems to show a stronger variety effect indication than
does the pearlograph area measurement. The remaining two vari-
ables, peak wattmeter reading (PWT) and wattmeter area (AAW),
contain higher moisture effect F ratios and lower variety ratios.
It should be pointed out that in only two cases the inter-
action F ratio proved to be insignificant. The two cases were
for the wattmeter area and for the pan sieve variables. Of

these two, only the pan sieve produces the type of measurement
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needed, mainly a large variety effect and a low moisture effect.
The results point to the fact that the variety éffect measured

is almost twice the moisture effect measured when the pan sieve
indicator is used. This is part of a time-consuming sieve
analysis which is a disadvantage and is not desired for large
scale use. Of all the variables tested, the pearling index,

the pearlograph area and the peak pearling torque are the var-
iables which are applicable to a direct hardness level reading
machine. However, the pearling index also picks up a large mois-
ture effect. For the desired results, it seems from the analysis
of variance table that a peak pearlograph torque or pearlograph

area indication of hardness level would produce the best results.
Hardness Differentiability

In order to detect hardness differences easily, it is
desirable for a hardness indicator to have its range as large
as possible. One of the desirable features of hardness mea-
suring techniques as stated by Mepplink (1968), is differen-

tiability of hardness between soft and hard wheats.

Coefficient of Variation

The coefficient of variation is a measure of the degree
of variation of data to the mean value of the data. Hardness
indicators used in this study were evaluated as to their dif-

ferentiability by computing the coefficients of variation. A
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summary of the computation results is given in Table 5. A
higher coefficient of variation indicates a 1arger degree of
variation from the mean value and, indirectly, a better hard-
ness differentiability. Of the particle size reduction indi-
cators, the Number 14 sieve shows the greatest differentia-
bility. In the energy group, the pearlograph peak torque and
the pearlograph area show the highest, but both are far below
the Number 14 sieve. The 1000 kernel weight shows the greatest
differentiability, among the physical properties. The pearling
index has the best differentiability of any of the indicators
other than the particle size reduction group.

To find the effect of moisture content on differentiabil-
ity, the coefficient of variation was computed at each moisture
level. A summary of the computation results at the 9% moisture
level is given in Table 6. At this moisture content level, it
was found that the Number 14 sieve provided the best differen-
tiability with the pearling index showing best when excluding
the particle size reduction indicators. Of the energy indica-
tors, pearlograph area and peak torque were best while 1000
kernel weight was best among the physical properties. Table 7
gives a summary of the computation results at the 12% moisture
level. It was found that the Number 14 sieve (a particle size
reduction indicator) provided the best differentiability but
that the physical property, 1000 kernel weight, provided the

best of the remaining indicator groups. The pearlograph torque
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Table 5. Coefficients of Variations Used to Compare
the Differentiability of Wheat Hardness
Indicator Mean Standard Coefficient of
Deviation Variation (%)
S10 0.898 0.648 72.147
s514 0.648 0.626 96.678
520 0.398 0.290 72.732
PAN 11.829 2.801 23.680
PTQ 5.436 0.557 10.249
PWT 147.981 10.644 7.193
AAP 3553.,.333 325.864 9.171
AAW 1.957 0.127 6.499
PLI 61.793 11.097 17.958
BDN 60.628 2.597 4,284
TDN 1.350 0.034 2.506
KWT 33.174 5.571 16.795
PCT 11.514 1.624 14.105
MYD 63.740 2.866 4,295
Table 6. Coefficients of Variations Used to Compare
the Differentiability of Wheat Hardness
at 9% Moisture Content
Indicator Mean Standard Coefficient of
Deviation Variation (%)
S10 1.290 0.858 66.508
sS14 1.075 0.861 80.088
520 0.558 0.384 68.845
PAN 13.078 2.242 17.145
PTQ 5.458 0.588 10.773
PWT 147.428 8.392 5.692
AAP 3502.828 350.460 10.005
AAW 1.925 0.091 4,726
PLI 53.571 11.506 21.479
BDN 60.628 2.623 4.326
TDN 1.350 0.034 2.530
KWT 33.174 5.626 16.959
PCT 11.514 1.640 14.243
MYD 66.740 2.906 4.354
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was best among the energy indicators with the pearling index
showing a slightly higher coefficient of variation than the
energy indicators. A summary of the computation results at the
15% moisture level is given in Table 8. At this moisture level,
the Number 10 and Number 14 show about the same amount of dif-
ferentiability. The peak wattmeter indicator shows the best
differentiability among the energy indicators. The 1000 kernel
weight 1s best among the physical properties.

One can note that even though the Number 14 sieve shows the
best differentiability, it also has the greatest moisture effect
(values range from 80.088 to 44.684). The values shown for
pearling index also decreases rapidly as the moisture content
increased. The pearlograph area decreased also, but at a slower
rate with values ranging from 10.005 to 7.067. The physical
properties remained fairly constant. This is due to the lab-
oratory procedures (standardized procedures) used in the milling
analysis laboratory. These factors therefore cannot be con-
sidered as to moisture effects in this study. Considering the
relationships above, the pearlograph area used for differentia-
bility would be more desirable as it shows less of a moisture
effect and is approximately constant in the 9% to 12% moisture
content range. The pearlograph peak torgque could be used,
however its relationship to moisture content is more complex
with both positive and negative regression characteristics. If

the pearling index or the Number 14 sieve are to be used as
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Table 7. Coefficients of Variations Used to Compare
the Differentiability of Wheat Hardness
at 12% Moisture Content
Indicator Mean Standard Coefficient of
Deviation Variation (%)
S10 . 790 .467 59.058
S14 .516 .372 72.067
520 333 232 69.743
PAN 11.745 2.795 23.794
PTQ 5333 .627 11.754
PWT 153.343 8.980 5.857
AAP 3502.857 345.746 9.870
AAW 2.057 .110 5.344
PLT 63.989 9.582 14,974
BDN 60.628 2.622 25325
TDN 1.350 .034 2.530
KWT 33.174 5.620 16.959
PCT 11.514 1.640 14.243
MYD 66.740 2.906 4,354
Table 8. Coefficients of Variations Used to Compare
the Differentiability of Wheat Hardness
at 15% Moisture Content
Indicator Mean Standard Coefficient of
Deviation Variation (%)
S10 .613 <275 44,913
S1l4 352 159 44.684
S20 .304 .126 41.212
- PAN 10.664 2.856 26.777
PTQ B:iB17 .439 7.954
PWT 143.171 11.805 B.315
AAP 3654.314 258.266 7067
AAW 1.888 » 133 6.001
PLI 67.818 6.366 9.386
BDN 60.628 2.623 4.326
TDN 1.350 .034 2.530
KWT 33.174 5.626 . 16,960
PCT 11.514 1.640 14,243
MYD 66.740 2.906 4,354
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differentiability indicators, the moisture content must be

standardized to produce accurate results.

Duncan's Multiple Range Test

In this portion of the data analysis, all the averages
were computed for the statistical model given in equation 9.
The variety (V;) averages were computed by taking the sum of all
observations at all moisture levels of each variety divided by
the total number of observations for each measuring system
being evaluated. The moisture (Mj) averages were the sum of all
observations of all varieties at each moisture level divided
by the total number of observations for each measuring system
being evaluated. These two sets of averages are the only ones
of concern in this study. These averages were then listed in
order with the highest number first and Duncan's multiple range
test was performed. A table summarizing the results of the test
is shown in Table 9. This table shows the listing of averages
from highest to lowest and the insignificant differences
groupings.

The discussion of the Duncan's multiple range test will
be divided into two parts. First will be the discussion of the
outcome due to moisture effects and second will be the dis-
cussion of the variety effects as measured by each of the hard-

ness level indicators.
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Moisture Effect. All of the sieve sizes used in the sieve

analysis (S10, S14, S20 and Pan) were ranked thé same. In other
words, the average weight collected on the individual sieves
over the seven-variety range was always more at the lowest mois-
ture level (9%) than at the highest or medium moisture levels
(12% and 15%). 1In every case, the 12% moisture level produced

a screen weight that was less than the 9% moisture level and
more than the 15% moisture level,

The pearling index ranked the moistures in the inverse
order as would be expected due to the relationship between the
amount remaining on the screen and the amount of Kernel surface
removed by the pearling process. The higher weight remaining on
the screen would classify a harder wheat as more energy would
be required to obtain 100% pearling. Then, a softer wheat would
require less total energy for pearling. After a set period of
time, less soft wheat would remaln on the screen mantle than
would remain in the case of a harder wheat. From the above re-
lationships and relating to moisture contents, it may be con-
cluded that moisture content tends to affect the pearling action
to the effect that the lower moisture content tends to produce
more pearling action. More of the individual kernel's surface
will be removed with a lower moisture content than will be re-
moved with a high moisture content. This result agrees with
work done earlier by Kramer and Albrecht (1948) and others.

Then for any standardized procedure for testing hardness of
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wheat, using this method, the moisture content must be specified
and held constant for all samples to be tested.

The area under the pearlograph curve which is a total
energy measurement also supports the above statement. Pearl-
ograph area also rated the moisture levels the same as the
pearling index. However, statistical analysis points out that
pearlograph area clearly forms only two distinct groups as far
as total energy is concerned. The highest moisture level (15%)
tested requires the highest amount of energy for pearling. The
9% and 12% moisture levels do not cause enough difference in
energy requirements to clearly separate the two moisture levels.
Therefore, one may conclude that the total pearling energy mea-
surement system is affected to a lesser degree by differing
levels of moisture content in the 9% to 15% range.

The peak pearlograph torque once again pointed out that
more energy is needed for pearling at the 15% level of moisture.
However, the torque measurement determines that the intermediate
moisture level (12%) requires the least amount of torgue. This
may be an indication that the ideal moisture level for testing
hardness is 12%.

The peak wattmeter reading and area under the wattmeter
curve both point out that the least amount of electrical input
power is required with the highest moisture level (15%). They
also show that the most input power is required with the inter-

mediate moisture level (12%). This might be an indication that
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the 12% moisture level is the critical moisture level when
using energy or peak input power measurements.

Variety Effect. In rating the varieties according to

hardness, the outcome of some of the various methods is not clear
cut., The pearling index seems to be a good indicator of hardness.
The pearling index results pointed out a clear classification

of hardness in almost every case. Lakota Durum wheat was class-
ified as the hardest variety which seems reasonable. Statistics
point out that there is no significant differences in hardness
between the Leeds Durum and Hard Red Winter classes. The draw-
back to this outcome is that the pearling index may not be able
to separate the two classes. It should be pointed out that two
varieties of durum wheat were tested. The outcome may be re-
flecting a difference in the two Durum varieties such as protein
content. TIn all the remaining varieties, there 1s a clear dis-
tinction between classes or varieties with Soft Red Winter wheat
being the softest class.

The wattmeter area appears to be of little value as a
hardness indicator. This is pointed out by the statistical
lumping of all hardness classes into only three groups. The
only class that this method was able to isolate was the Hard
Red Winter. Wattmeter area then would be of little value used
alone as it would only be able to classify Hard Red Winter
wheat from a group of samples,

The pearlograph area again only isolated one class of
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wheat. Hard Red Winter Wheat was classified as the hardest
with the remaining varieties grouped. Both of the Durum vari-
eties were grouped together so this method may be useful in
specifically classifying Hard Red Winter and Durum varieties
and generally classifying the remaining varieties into hardness
ranges.

The peak wattmeter reading does not appear to be of any
value from this analysis. According to the statistical analysis,
this method classified Hard Red Winter and Soft Red Winter
wheats as being of the same general hardness which is clearly
incorrect.

The pearlograph peak torque points out one interesting
thing. It was the only method tested that separated each gen-
eral classification of wheat and lumped both Durum varieties into
one class. However, even though the classes were separated, the
order of hardness is incorrect with any method that has pre-
viously been used.

The sieve analysis does not appear to point out any good
hardness indicator as far as the size of sieve is concerned. The
pan shows the closest agreement with the outcome of the pearl-
ing index. However, it divides the seven varieties into four
groups thereby lumping two classifications into each group. The
Number 10 Tfler sieve was the best of the four sieve sizes
tested as it divided the seven varieties into six groups.

However, the ranking of hardness does not seem to follow the
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same logical pattern as the pearling index which is the basis
of many of todays' laboratory tests.

There were two hardness indicators that were affected
by different moisture levels to a lesser degree. These were
the pearlograph area and the Number 20 Tyler sieve. The pearl-
ograph peak torque seems to be the best from the standpoint of
variety separation, with the Number 10 Tyler sieve showing the
second best. As the pearlograph peak torque can be obtained
directly from the pearlograph area, the best overall hardness

indicator with respect to differentiability is the pearlograph

area.
Relationships Between Indicators
Nine different indicators were used to determine the
hardness of wheat. These were the number 10 sieve, number 14

sieve, number 20 sieve, panh sieve, peak torque, peak watts,
pearlograph area, wattmeter area and pearling index. These nine
‘can be broken into two groups, particle size measurements and
energy measuring systems. The pearling index is presently the
standard use in industry with respect to the Strong-Scott Barley
Pearler. However, Chung (1971) proposed a new standard, the
soft-hardness number, based on the pearlograph area. Five
physical properties of the sample were also determined. These
were bulk density, true density, 1000 kernel weight, protein

content, and milling yield. To determine the relationships be-
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tween indicators, a linear correlation analysis was run on all
of the above indicators. The data forms a symme£ric matrix
which measures the relationship, or more accurately the associa-
tion, between indicators.

It is of interest in this study to determine the rela-
tionships between each of the nine hardness indicators and be-
tween the hardness indicators and five physical properties. The
sieve analysis indicators clearly are a measure of particle size
reduction relationships, while the remaining hardness indicators,
with the exception of the pearling index, are a measure of
energy requirements of the system needed for size reduction.

The pearling index is related more closely to the fragmentation
of solids theory.

From the correlation analysis which is summarized in Table
10, it can be seen that the indicators in the sieve analysis all
have fairly high correlations. An interesting fact to note is
that the screen sieves all correlate to a very high degree (above
0.90 correlation coefficient) but the pan sieve only has a small
degree of correlation (below 0.32) with the three sized screens.
All factors are significant at the 0.05 significance level.
However, the pan sieve is significant at the 0.01 significance
level only with the number 14 sieve. This suggests that more
screen sieves need to be added to the sieve analysis between
the number 20 sieve and the pan sieve. Adding more.sizes would

give a greater indication of the presence of particles that are
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smaller than the number 20 sieve. This in itself would probably
lead to a high degree of correlation between all factors of the
particle size analysis which would indicate that all of the size
indicators are measuring the same physical quality, namely size
reduction by grinding action.

Referring again to Table 10, it can be noted that peak
torque, peak watts, pearlograph area and wattmeter area all
have significance at the 0.0]1 significance level. This is to be
expected as all are a measure of the total energy input into
the system. Also apparent was the fact that peak torque and
pearlograph area correlated to a high degree as did peak watts
and wattmeter area. This was expected as the pearlograph area
is the total energy which is a function of the instantanecous
torque and the pearling time. And, the wattmeter area is again
total energy and is a function of the instantaneous watts and
pearling time.

Comparing the two energy measuring systems, it can be
noted that the correlation is not as high as expected (0.366
correlation coefficient between wattmeter area and pearlograph
area), even though it is significant at the 0.01 level. Both
measurements are total energy measurements. This level indi-
cates that the two systems measure the same general properties,
namely energy, but not to the same degree. By comparing the
two to the pearling index which is the standard for-the industry,

it can be noted that the pearlograph area shows a correlation
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coefficient of 0.531 (significant at the 0.01 significance
level) while the wattmeter area only has a corrélation coefficient
of 0.134 (not significant at the 0.01 or 0.05 levels). As both
are measuring the same physical properties, this would seem to
indicate that the pearlograph area 1s the more desirable energy
measurement system. Another factor that could cause this dif-
ference in correlations could be the accuracy (more correctly,
the degree of error) of the measurement system components. The
pearlograph area technique uses highly accurate strain gages,
low distortion amplifiers and recorders which should lead to a
low error factor in the final values. The wattmeter area uses
a system of meters that monitors the electric energy input into
the system. The meters themselves cause an error because the
energy must pass through the meters resulting in an error in-
duced by the meter. The use of meters with higher input impe-
dance factors (higher ohms/volt ratios) would cause less of a
circuit loading effect on the system to be measured and less
induced error. By using better meters, the two energy measuring
systems could possibly have higher correlations between each
other and the pearling index.

It should be noted that peak torque and peak watts had a
high correlation (0.673) indicating that they did measure the
same physical properties. However, neither correlated well

with the pearling index (0.238 for peak watts and -0.052 for
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peak torque) which indicated that they are measuring physical
properties different than the pearling index. The two instan-
taneous energy measurements did correlate with the total enerqgy
measurement systems as expected.

Comparing the particle size reduction indicators and the
energy indicators, one finds that the pearlograph area correlates
well (significant at the 0.01 level) with all of the particle
size indicators but in a negative direction. As the particles
pass through the screen mantle, they no longer reguire energy
accounting for the negative or inverse relationship. The watt-
meter area also correlates with the number 10 sieve, number 14
sieve and number 20 sieve (significant at the 0.0l level) in
the negative direction but did not correlate with the pan sieve.
The peak torque and peak watts did not show a definite pattern
as to their relationship with the particle size. The number 10
sieve had significant correlations ranging from -0.282 with peak
torque, peak watts, pearlograph area, and wattmeter area. This
fact points out that the number 10 sieve might be the best par-
ticle size reduction measurement with respect to the energy re-
quired.

As mentioned, the pearling index is the standard used with
respect to the Strong-Scott Barley Pearler in industry today. The
pearling index is the amount of the original sample charge re-
maining on the screen mantle of the pearler at the end of the

pearling period expressed as a percent. In comparing the pearling
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index with the particle size reduction indicators, one finds a
high negative correlation among all size indica£ors with the
highest being with the pan sieve. One expects a high correlation
here as the pearling index itself is a particle size reduction
measurement determined by the weight of the particles which are
larger than the number 10 sieve mantle in the pearler. In com-
paring the energy measurement indicators to the pearling index,
we find that only the pearlograph area correlates (0.531 corre-
lation and is significant at the 0.01 level). It appears that
the pearling index could be used as a relative indication of the
bulk density (0.611 correlation) and the true density (0.661
correlation) of a sample of wheat. Even though a significant
level of correlation is shown between the pearling index and
protein content (0.292 and significant at the 0.01 level), the
correlation is not high enough to suggest that the pearling in-
dex could predict the protein content of a sample to any degree
of accuracy. The pearlihg index did not correlate with the
remaining physical properties.

Among the physical properties of the samples, it is inter-
esting to note that the 1000 kernel weight seems to be the best
indicator of physical properties. The 1000 kernel weight shows
high correlation with the bulk density and the milling yield
(both significant at the 0.01 level) and a moderate correlation
with protein content (significant at the 0.05 level). But it

showed no correlation with the true density.
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In comparing the physical properties with all of the nine
hardness indicators, we find that none of the hardness indicators
correlated with all of the physical properties. Of the particle
size reduction indicators, the number 10 sieve seems to be the
best indicator of physical properties. The number 10 sieve
correlated (at the 0.0l significance level with values from
-0.269 to -.349) with all physical properties except milling
yield. f the energy measuring indicators, the pearlograph area
seems to be the best indicator of physical properties. The
pearlograph area correlated (at the 0.01 significance level with
values from 0.407 to 0.773) with all physical properties except
protein content.

Upon looking at the entire correlation coefficient
matrix shown in Table 10, one can see that the number 10 sieve
correlates at the 0.01 significance level with all of the remain-
ing thirteen indicators except the pan sieve (significant at
the 0.05 significance level) and the milling yield. This could
indicate that the number 10 sieve is the best particle size re-
duction hardness indicator. Of the energy measuring indicators,
we find that the pearlograph area correlates at the 0.01 signif-
icance level with all of the remaining thirteen indicators except
protein content. None of the physical properties show any
pattern of correlation with the other indicators.

An interesting fact to note is that the pearlograph area

has one of the highest correlations with each of the physical
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properties of bulk density, true density, and 1000 kernel

weight. The highest correlation ccocefficient with protein content
was shown by the pearling index. The highest correlation coef-
ficient with milling yield was shown by the 1000 kernel weight.
This indicates that the pearlograph area could be used to pre-
dict the physical properties of bulk density, true density and
1000 kernel weight but could not directly be used to measure pro-
tein content or milling yield. The high correlation between
milling yield and 1000 kernel weight indicates that indirectly
the pearlograph could be used to indicate a measure of milling
yield.

Thus far in this discussion, two independent variables
have been considered along with their interaction and error
terms. This was expressed as the mathmatical statistical model.
in Equation 9. Certain conclusions have been drawn from an
analysis of correlation on all data collected. As this study is
concerned with a method of measuring true hardness, a further
study of the data with the moisture level held constant would
be of value. The data was separated into the three moisture
levels (9%, 12% and 15%) and an analysis of correlation was
performed on each level. Discussion of the results of this
analysis will be divided into three groups: 9% level, 12% level
and 15% level. A1l of the groups contain nine hardness indica-

tors and five measures of physical properties.
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9% Level: 9% level includes the data collected from tests run on
seven varieties of wheat all at approximately 9% moisture con-
tent. A summary of the results of an analysis of correlation is
shown in Table 11. Three of the particle size indicators (number
10 sieve, number 14 sieve, and number 20 sieve) correlated to a
very high degree; however, the pan sieve did not correlate at a
0.01 significance level. This would indicate that the fines
(smaller than a number 20 sieve) contain many sizes and that more
sieves of a small size should be added. Addition of more sieves
should cause a higher degree of correlation to occur among all

of the particle size indicators. Of the energy indicators, it
can be seen that all of the energy indicators correlate with each
other at the 0.01 significance level with the exception of the
pearlograph area versus peak watts which is significant only at
the 0.05 level. Not one of the particle size reduction indicators
correlates to a significant degree with all of the energy indica-
tors. Of the energy indicators only the pearlograph area cor-
related with all of the particle size reduction indicators. The
physical properties showed very little change in correlation values
between each other at this moisture level or the overall correla-
tions. The pearling index correlates very high with the particle
size indicators and glso correlated high with the pearlograph
area. The index failed to correlate to a significant level with

the remaining energy indicators. The pearling index correlated
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at a 0.05 significance level with all of the physical properties
except milling yield and to a high degree with bulk density and
true density.

Referring to the summary of correlations in Table 11, note
that the pearling index, which is the industry standard with
the Strong-Scott Barley Pearler, correlates with the particle
size reduction indicators of the 0.01 significance level but
correlates with only the pearlograph area of the energy indica-
tor group. Meanwhile, the pearlograph area correlates with the
particle size reduction indicators and also correlates with each
of the energy indicators including the pearling index. This
tends to say that the pearlograph area is a good indication of
the overall energy required for pearling or grinding and a good
indication of the particle size reduction relationships. The
pearlograph area also shows good correlations with the physical
ﬁrOperties with the exception of protein content. The pearling
index showed good correlations with all physical properties
except milling yield. It should be noted the best correlation
with bulk density was the pearlograph area while true density
was with the pearling index. The best indicator of 1000 kernel
weight and milling yield appears to be the peak torgque measure-
ment and protein content correlated best with the number 10 sieve

measurement.

12% Level: 12% level contains the data collected from tests

run on seven varieties of wheat all at approximately 12% moisture
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content. As summary of the results of the analysis of correlation
for the 12% level is shown in Table 12. Lookingrfirst at the
particle size reduction indicators, one notes that the pan sieve
does not correlate with any of the other sieve sizes at this
moisture level. Noting the fact that at all moisture levels
combined (refer to Table 10), the pan sieve had significant
correlation at the 0.05 level. One can conclude that moisture
content affects the outcome of the pan sieve indicator in a
different way than each of the other sieve sizes when used in

this configuration. The number 10 sieve correlated to a high
degree with all of the energy indicators, with wattmeter area
being the highest. Peak watts correlated with all of the par-
ticle size reduction indicators but only at the 0.05 significance
level. The physical properties correlation between each other
remained fairly constant. The pearlograph area correlated with
all of the other energy indicators, with the pearling index and
with the physical properties of bulk density, true density and
1000 kernel weight. One can note a marked decrease in correlation
between the pearlograph area and the particle size indicators at
this increased moisture level, compared with the 9% moisture
content level (refer to Table 11). Looking at the pearling index,
one notes the high correlation between the pan sieve and the
pearling index. This is even more significant in view of the pan
sieve not correlating well with the other sieve sizes. Moisture

content has affected the particle size correlations and since



73

LY 0F = I 1070 =
OPEQF = I G0°0 =%
AXK Lod IMY NalL Nag 11d MYy dvy IMd oLd NYd 0ZS vis 018
000°'T LPTI* 128" 12ZZ'- 9ZE*  L90°'~ L9E€*  LkZ* 6SL* ZOL® Z10°= OT0' 9€0° 691'- QAW
000'T €2z°'- 8FZ* T00° 09¢" 8GI* OFZ" 900°- T1I0" 922'- 687°'- bbE'- ZLE'- 1Dd
000°T TILI® 829° 080° 765" T9G°  198° 6bL*  9€0°  TSZ'- 1ZZ°'- 6Lb -~ IMM
000°T 0£8° Lb8°  8Zk° 9bL°  B90'~ ZZI®  P99'= E£0E°- GOP°- 9ZP'- NAL
000'T TGL®  €09°  Z9L* €62°  1ZE€'  2I9'~ ZpT°'- S6Z'- LbP'- Nad
000°'T €LP* 228 LPI'- 6b1°— €L8°- 86€£°'- L(8F'— 1ISP'- I1d
0001 08G* 209" 89€°  €PZ°'- PF9'- SZ9'- PIL '~ MYV
000°T 6¥P* ¥69° EIE°- 6ZE'- 6IP°- GSS°— dVY
000°T 818* OFE' ITb°- PSE'~ P6S'— IMd
000°T 90€® 22Z°'~ ¥9Z'- 0Sv°'- 0OLd
000°T 6ZI°' P6I° 9IT° NVd
000*T GP6" 806°'  0ZS
000°'T €06 ¥IS
000°T OIS
STqRTIRA

*TOADT SINISTOW %ZT B 3B
SIOJEBDTPUI SSOUpIeH TTY 103 SIUSTOTIIOO0)N UOTIRIDIIOD

*C1 °T9eL



74

the pearling index is based on a sieve size, one may conclude
that the moisture content will effect the pearling index to a
great extent also. The wattmeter area indicator seems to cor-
relate the best among all of the other indicators at this mois-
ture level. The wattmeter area correlated fairly well with the
pearlograph area and both correlated at approximately the samec
level with the pearling index. However, looking only at the
energy indicators and the physical properties, the pearlograph
area appears to be more desirable with generally higher correla-
tion coefficients with the physical properties. Bulk density
was best indicated by the pearlograph area at this moisture level
and true density by the pearling index. The peak watts best
correlated with both 1000 kernel weight and milling yield, while

protein content correlated best with the number 10 sieve.

15% Level: 15% level contains the data collected from tests run
on seven varieties of wheat all at approximately 15% moisture
content. A summary of the results of the analysis of correlation
for 15% level is shown in Table 13. The particle size reduction
indicators show a marked decrease in correlation among each
other. Although still significant, one notes large drops (for
example from 0.903 to 0.691 for the number 10 sieve versus the
number 14 sieve) among all of the screen sizes and a slight in-
crease between the screen sizes and the pan sieve compared to

12% level (Table 12).

These large drops seem to indicate that an increase in
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moisture content tends to cause less agreement between the par-
ticle size reduction indicators. The energy indicators all
correlate between each other about the same. The number 10

sieve correlated fairly well with all of the energy indicators.
None of the energy indicators correlated with all of the particle
size reduction indicators. However, the peak torque measurement
was the best among the energy indicators. Peak torque also seems
to be the best indicator at this moisture level as it correlated
well with the other energy indicators, the pearling index and
also 1000 kernel weight and milling yield. Bulk density was

best indicated by the pearlograph area; true density and protein
content by the pearling index. Note that the number 10 sieve,
number 14 sieve and the number 20 sieve all have positive cor-
relations with the pearling index at this moisture level. This
is the inverse of what 1s expected as pearling index is based

on the amount of particles larger than the number 10 sieve.
Therefore, it may be concluded that the moisture content has a
large effect on the pearling index.

Considering the correlation coefficients at each moisture
level, one can note that in general, as the moisture content in-
creases, the correlation coefficients for the particle size re-
duction indicators (number 10 sieve, number 14 sieve, number 20
sieve and pan sieve) drop. This indicates that these indicators
are affected to a large degree by the moisture content. Also,

as the pearling index is based on a particle size reduction
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relationship, it will also be affected. This supports work

done by Katz, Collins and Cardwell (1959). Comparing the mois-
ture levels, one cannot see any general changes in the correla-
tion coefficients of the energy or the physical property indi-
cators. The summary of all samples at all moisture levels
(Table 10) supports work done by Chung (1971) and tends to point
to the pearlograph area as being the best overall indicator of
hardness -- as indicated by the high correlation with all of

the other hardness indicators. It also shows good correlation
with all of the physical properties except protein content. The
analysis of correlations done at each moisture level pointed

out the large moisture effect on the pearling index. Comparing
the three moisture levels, approximately 9% moisture content
seems to produce the best correlation coefficients for the
pearlograph area. Nine percent moisture also produced the great-
est correiation between the pearlograph area and the pearling
index. Increasing the moisture content produced less of an
effect on the pearlograph area indicator than the pearling index
as shown by the approximately constant correlations bhetween the
pearlograph area and the physical properties. Milling yield was
the only physical property that showed an effect of moisture
with a drop at the 12% level and approximately the same cor-
relations at the 9% and 15% level. The pearling index showed a
marked decrease in correlations with the physical properties with

an increase in moisture.
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It appears that the best moisture content for hardness
tests using the pearlograph method would be approximately 9%.
This moisture level produced generally the highest correlation
coefficients with other energy particle size reduction indicators
and physical properties. It can be used to directly indicate
the physical properties of bulk density, true density, 1000
kernel weight, and milling yield as shown in Table 11. Milling
yield could also be indicated indirectly by the peak torque
(obtainable from the pearlograph area). Protein content cannot
be predicted by either the pearlograph area method or the pearling
index. The number 10 sieve indicated a significant correlation

with protein content but it was of a low value of only 0.390.
Hardness Indication Selection

Based on the results of this study, the pearlograph area
is selected as the best indicator of wheat hardness. The pearl-
ograph area showed a high variety measuring ability with a low
moisture variation. It also showed good variety separation
characteristics as indicated indirectly by the peak pearlograph
torque. Moisture content has less effect on the pearlograph
area than other indicators as shown by the correlation coeffi-
cients. The pearlograph area 1is also applicable to a direct
reading hardness indicator that would be fast, efficient,
economical and whose results should not vary greatly between

laboratories. This selection agrees with the results of Chung

(1971).
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Proposed Standard Hardness Test

following procedure is proposed as a standard for

wheat hardness tests using the pearlograph area method:

Equipment
1.

Results

1.

Modified Strong-Scott Barley Pearler equipped with
instrumentation necessary to produce pearlograph
(Refer to Figure 15 and to the Investigation section).
Balance sensitive to 0.0l gram.

Stop watch or timer of equivalent accuracy.

Each charge (40 gm) is weighed from cleaned unsized
wheat with a moisture content in the 9% to 12% range
that has been throughly mixed.

The charge is placed in the machine with stone running
at full speed and recording instruments properly zeroed;
eighty seconds later the sample release gate is opened;
ten seconds later the motor is stopped.

Five determinations should be made on each sample.

The area under the curve should be determined for each
test, averaged and then converted to an energy unit.
The energy unit should be compared with Figure 16 to

obtain the Soft-Hardness Number (Chung, 1971) for the
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sample. The Soft-Hardness Number may also be obtained

by equation 10.

S.H. = 0.1923 (Ep) - 49.9 (10)
where
S.H. = Soft-Hardness Number
Ep = Pearlograph energy, Kg — m

The Soft-Hardness Number may be compared to table 14 to approx-

imate the classification.

Table 14. Classes and Soft-Hardness
Numbers of Wheat Tested

Class Soft-Hardness Number Standard
Range Average Deviation

SRW 23-33 27.09 3.04

SWW 26-31 28.62 1.52

Durum 32-39 35.64 2.18

HWW 34-46 40.50 3.41

HRS 37-49 43,54 3.91

HRW 47-57 52.24 3.14
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CONCLUSIONS

Peak pearlograph torque or pearlograph area are the two
hardness level indicators best suited for direct hardness
level measurements, based on the analysis of variance using
the F test as the references; a high F ratio for variety
effect with a low F ratio for moisture effect.

The electronic monitoring system used in this study was
found to be unsatisfactory. The use of higher quality in-
struments could possibly increase the data correlations
which would make the system useful.

The pan sieve produced the highest variety effect and the
lowest moisture effect (with insignificant interaction) of
the particle size analysis when using sieves in the config-
uration of this study.

The pearlograph area used for hardness differentiability
would be most desirable as it shows less moisture effect and
is approximately constant in the 9% to 12% moisture content
range as shown by the coefficient of variations. If the
pearling index or the number 14 sieve are to be used as
differentiability indicators, the moisture content must be
standardized to produce accurate results.

The pearlograph peak torque exibits the best variety separa-
tion characteristics as shown by Duncan's multiple range
test. As the pearlograph peak torque can be obtained directly

from the pearlograph area, the best overall hardness indica-
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tor with respect to differentiability is the pearlograph
area. |

The best hardness indicator is the pearlograph area as
shown by the correlation coefficients significant at the 0.01
significance with all of the remaining 13 indicators except
protein content.

An increase in moisture content causes a decrease in the
value of the correlation coefficients for the particle size
reduction indicators and the pearling index. The energy
correlation coefficients remain relatively constant.

The pearlograph area method of hardness measurements shows
much less moisture effect in the 9% to 15% moisture content
range than the pearling index or particle size reduction
indicators.

The best moisture content for hardness tests using the
pearlograph area method would be approximately 9% to 12%.
This moisture range causes little moisture effect on the
hardness indication.

The pearlograph area method of measuring wheat hardness is
selected as the most desirable of the methods tested. This
selection agrees with work done by Chung (1971). The pearl-
ograph area can be a direct reading hardness indicator that
would be fast, efficient, economical and whose results
should be fairly consistant between laboratories. The

pearlograph peak torgue, which can be easily obtained from
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the pearlograph area, could be used to classify wheat samples
and give an indication of the resulting flour's uses and
marketability.

Based on the results at this study, a standard hardness

test procedure is proposed. This procedure should lead to
an industry-wide standardization of wheat hardness tests

using the pearlograph area method.
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SUGGESTI10ONS FOR FUTURE RESEARCH

The investigation of the pearlograph area method of deter-
mining wheat hardness should be continued by conducting further
studies as to moisture effect in the 5% to 20% moisture content
range. The pearlograph area should be compared to a fairly
constant physical property such as protein content or milling
yield,

Procedures should be developed and standardized for the
pearlograph area method and Soft-Hardness numbers (Chung, 1971)
for all wheat classes. Tests of the repeatability of the methods
by different operators should be conducted. Many different
wheat varieties in each class should be tested to obtain a
range of Soft-Hardness numbers (Chung, 1971} for each class of
wheat.

An analysis of wheat should be done with the pearlograph
area method on samples taken from flour mills. A relationship
could then be developed between the Soft-Hardness number and the
net cost of milling. The net cost of milling should include
cost relating to the wheat being milled, such as initial price,
power costs, wear and repalr costs, subtracted from the selling
price of the resulting flour. If such a relationship exists,
the Soft-Hardness number could be used to predict the economic

future of wheat samples.
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The hardness of a sample of wheat is of interest, both
scientifically and economically. Processors (millers) are in-
terested in an accurate hardness tester which would enable them
to estimate milling power requirements and repair costs for a
wheat sample. Plant breeders want to produce a grain that has
high protein content but is not exceptionally hard.

Hardness may be determined by grinding, cutting, pearling,
crushing or indenting wheat kernels. There are many methods of
determining hardness that can be found in the literature. Most
of these methods involve laborious and time-consuming operations.
The pearling technique was introduced which yields a hardness
indicator called the pearling index. The pearling indexes do
not show good differentiability, Viry greatly among laboratories,
and are affected by the size factor of Kernels.

An attempt was made to improve the pearling technique by
modifing it into the pearlograph technique. The pearlograph is
a continuous measure of the pearler torque, which yields the
total pearling energy when integrated with respect to time. Due
to inadequacies noted with the pearlograph, the pearler was
further modified by removing the laterial shaft motion, elem-
inating the need for temperature equalization, redesigning to
remove the vibration on the release gate, and improving sample
input. Experiments were run on the modified pearler to determine
the pearlographs relation to other factors and its hardness in-

dicating ability.
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Twenty-one series oi tests were conducted with each series
consisting of five replications for studying the effects of two
factors with the modified pearler: moisture content of the
sample and variety or classification of the sample. The wheat
samples used consisted of seven varieties representing six
hardness classes. The seven varieties were tempered to three
moisture levels (approximately 9%, 12% and 15%). The effects
were measured by thirteen indicators from three parameters:
particle size reduction, energy required and physical properties.
These measurements were compared to each other and to the pearl-
ing index, which is the industry standard, by statistical methods,

Peak pearlograph torque and the pearlograph area are the
two hardness level indicators best suited for direct hardness
level measurements, based on the analysis of variance using
the F test as the reference. The electronic monitoring system
(peak watts and wattmeter area) was found to be unsatisfactory
as used in this study.

The pan sieve produces the highest variety effect and
the lowest moisture effect (with insignificant interaction) of
the particle size reduction indicators when using sieves in the
configuration of this study.

The pearlograph area method of measuring wheat hardness
is selected as the most desirable of the methods tested. The
pearlograph area can be a direct reading hardness indicator

that would be fast, efficient, economical and whose results



would be fairly constant between testing laboratories. The
pearlograph peak torque (easily obtainable from pearlograph
area) could be used to classify wheat samples and give an
indication of the resulting flours marketability. The optimum
moisture content for using the pearlograph is approximately
9% to 12% as this range produces 1little moisture effect. An
increase in moisture content causes much less effect on the
pearlograph area than on the other indicators tested.

Based on the results of this study, a standard hardness
test procedure is proposed. This procedure should lead to an
industry-wide standardization of wheat hardness tests using the

pearlograph area method.



