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Abstract

The compositional breakage equation is derivedwimch the distributions of botanical

components following milling of wheat are definea terms of compositional breakage
functions and concentration functions. The forrhthe underlying functions are determined
using experimental data for Outer Pericarp, Inteliate Layer, Aleurone and Starchy
Endosperm generated from spectroscopic analysmiltéd fractions of a hard and a soft
wheat milled under Sharp-to-Sharp (S-S) and Dulbtdl (D-D) dispositions. For the hard

Mallacca wheat, the Outer Pericarp, Intermediatgetand Aleurone compositions mostly
varied with particle size in similar ways, consigtevith these layers fusing together as
“bran” and breaking together, although with possilal subtle difference around the
production of very fine particles under D-D millinddy contrast, for the soft Consort wheat,
Outer Pericarp, Intermediate Layer and Aleuroneewdistributed in broken particles very
differently, particularly under D-D milling, suggesy a different breakage mechanism
associated with differences in the mechanical pt@gseand adhesion of the bran layers.
These new insights into the nature of wheat breakangl the contributions of the component

tissues could have implications for wheat breeaing flour mill operation.
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Introduction

In the 1950s Broadbent and Callcott introduced kaga matrices to relate input and output
particle size distributions during grinding opeoat (Broadbent and Callcott, 1956a, 1956b,
1957). They used square matrices in which thetiapd output particle size distributions
covered the same size ranges, and applied thi®agpto model coal grinding. Campbell
and Webb (2001) applied the breakage matrix appraacoller milling of wheat, extending
the approach to use non-square matrices coverifigrefit size ranges for the input and
output particle size distributions, thus improvitige applicability and accuracy of the

approach.

A complete understanding of milling requires thdligbto predict the size distribution of
broken particles and also the composition of pladiof different sizes. Fistes and Tanovic
(2006) demonstrated that compositional breakageiceatcould also be constructed that,
combined with breakage matrices for predicting aufarticle size, allowed the composition
of those output particles also to be predictedeyTadlso employed roller milling of wheat as
the system with which to demonstrate the value refligtions for composition as well as
size; the key feature of roller milling of wheattisat the bran tends to stay as large particles
and the endosperm as small particles, hence &mlif separation of bran and endosperm by

sifting.

Subsequent work by Campbell and co-workers focussedhe continuous form of the
breakage equation and of breakage functions, r#itlaerthe discrete forms that underpin the
construction of breakage matrices; continuous fonstare more generally applicable and
more readily interpretable, thus yielding greatezdictive power and greater mechanistic
insights regarding wheat breakage. This body akwas allowed the effects on the output
particle size distribution of roll gap, roll disptien, wheat kernel hardness, moisture content
and shape to be quantified (Campbell and Webb, ;20@inpbellet al., 2001, 2007, 2012;
Fang and Campbell, 2003a,b; Fethal., 2014). The objectives of the current work are to
demonstrate that continuous breakage functionsatsm be defined in relation to particle
composition, for use alongside breakage functitias predict particle size distribution, and
to generate experimental data to begin to idetii®é/form and significance of those functions
and the new insights they reveal. The current Wus represents the continuous equivalent

of the discrete compositional breakage matricesduiced by Fistes and Tanovic (2006).
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Theory

The breakage equation for roller milling of whaaits cumulative form is

P =  [B(xD)p,(D)dD
0 1)
whereD is the input particle size,is the output particle siz€,(X) is the proportion by mass
of output material smaller than size B(x, D) is the breakage function ang(D) is the
probability density function describing the inpuarpcle size distribution (Campbedt al.,
2007). The logic of the breakage equation is thattotal mass of particles smaller than a
given sizex arises from contributions from all the inlet peleés. The contribution from inlet
particles initially of sizeD depends on how many of those particles there \ahgcly is
guantified by (D)) and on how those particles break (which is gfiadtby the breakage
function, B(x, D). The total mass is found by integrating all leége contributions over the

range of inlet particle sizes.

Applying equivalent logic, the composition of pal#is can also be described and related to
the particle size distribution. Choomjaihan (2008jives the relationships by proposing that
the entire wheat kernel, and its milled fractiooan be considered to be made up of four
main components: Pericarp (including testa and lfarcedissue), Aleurone, Starchy

Endosperm and Germ. The sum of the proportionlsesfe four components is unity:
Xoo+ Xy + Xeo + Xy = 1 (2)

where X is the proportion of the whole wheat that is PeEpcXy is the proportion of the
whole wheat that is Aleuron&g, is the proportion of the whole wheat that is Enmbom,
andXge is the proportion of the whole wheat that is Geffiypically X, would be about 8%,
Xa about 7% X about 82% an¥ye about 3% (Pomeranz, 1988).

On breakage, particles are formed that individuaityy contain Pericarp, Aleurone,
Endosperm and Germ in different proportions. Inegal, the particles in a size range, say
from 100-200um, will have a proportion of each component thall e different from
particles in a different size range, say 2000-21u@® the smaller particles are likely to
contain more Endosperm material, the larger padichore bran material.¢. Pericarp and

Aleurone).
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Consider the total proportion of outlet particlesadler than size, given byP,(x). These
particles, as a whole, are made up of a propoxifoRericarp, a proportion of Aleurone, a
proportion of Endosperm, and a proportion of Gerihe total amount of particles smaller
than sizex is made up of the total Pericarp that is in plticmaller than size plus the
total Aleurone that is in particles smaller tharplus the total Endosperm that is in particles

smaller tharx, plus the total Germ that is in particles smatlenx. Mathematically:

_ totalmassof particlessmaller ttanx

P,

totalmass
> XY () (3)
xpe'Ype(X) + Xal 'Yal (X) + Xen'Yen(X) + Xge'Yge(X)

whereYpe(X) is the proportion (by mass) of the total Pericdugt is in particles smaller than

X, and so on folx(X), Yen(X) andYge(X). Figure 1 illustrates how the distributions loé tfour
components sum to give the total particle sizeribision. Figure 2 illustrates the
distributions in their non-cumulative forms. (Ndhat in Figures 1 and 2, the proportions of
the four components are unrealistic, having beeérats20%, 10%, 67% and 3% arbitrarily,
just to separate out the lines in order to illustthe point. The shapes of the curves are also
arbitrary, contrived to show Endosperm predominabiteaking into small particles, Pericarp
and Aleurone staying in larger particles, and Gé&rming a narrow peak within the mid-

range particles.)

For example, consider the more realistic situatiat in the whole whea¥y = 0.08,Xy =
0.07,Xen = 0.82,Xge = 0.03. The wheat is milled, forming particleagang in size from 0 up

to 4000um, with most of the particles at the smaller endhaf range. Consider just those
particles that are smaller than 5@®. Imagine that 40% of the total Pericarp has dnge

in those particles; the other 60% is in particleat thave remained larger than 50.
However, the Aleurone has not broken so readilypsly 30% of the total Aleurone has
ended up in the particles smaller than 508, 70% of the Aleurone has stayed in the larger
particles. The Endosperm has broken easily; 80%hef Endosperm is now in small
particles, with only 20% in large particles. Meamehthe Germ is evenly split; half of the

Germ material is in particles that are smaller te@@um. Thus:
Y,(500 = 040 Y, (500 = 030 Y,,(500 = 080 Y, (500 = 050

Then, the total proportion of particles smallemntB®0um is given by



P, (X)

008x 04+ 007x 0.3+ 082x 0.8+ 003x0.5
0032+ 0021+ 0656+ 0015
0724

124

125 i.e. 72.4% of particles are smaller than 50@. Taking these particles as a whole, they are
126 made up of 0.032/0.724=4.4% Pericarp, 2.9% Aleur80e56% Endosperm and 2.1% Germ,

127 i.e. they are enriched in Endosperm, and depletedeimtiter components, compared with the
128  material as a whole.

129  This is a contrived example, to illustrate the neathtics, but it reflects the known behaviour
130 of wheat during breakage, that bran material (Rgri@and Aleurone) tends to stay in large
131  particles, while endosperm shatters more readily smaller particles. Thus, separation on
132 the basis of size using repeated milling and gjftallows separation of the bran from
133  endosperm to produce relatively pure white flous in the contrived example here, one
134  would expect smaller particles to be enriched idosperm material, compared with the

135 endosperm content of the whole wheat.

136  Now, taking the Pericarp as an example, the Pgricancentration in this group of particles,
137 Y*pe(x), Is given by the total amount of Pericarp in jgées smaller tharx, divided by the

138  total amount of particles smaller than The latter is the sum of the individual compadsen

139  hence:

V(¥ = masof componentin particlessmaller tlanx

' totalmassn particlessmaller tlanx
140 - X e Ype (X) (4)
P, (X)
— X pe 'Ype(x)
X pe'Ype(X) + Xal 'Yal (X) + Xen'Yen (X) + Xge'Yge(X)
Pe,_, x Pe(X

Pl = )e( )

141 2\X 5)

_ Pe,, x Pe(x)
" Pe,, x Pe(x) + Al x Al (X) + En_ X En(x) + Ge,, x Ge(x)

142 and similarly for the concentrations of the othemponents, defined a& 4(X), Y*en(X) and

143 Y*4(X). Similarly toX;, the sum of allY'; concentrations must be unity:

144 ZY*i ()Y (N +Y a(X)+Y () +Y ge(X) = 1 (6)
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Referring to Figure DXie(X) is defined by the point A divided by the point(if@Ge amount of
Pericarp in particles smaller thardivided by the total amount of Pericarp), WHW%e(x) is
defined by the point A divided by the point B (tamount of Pericarp in particles smaller
thanx divided by the total amount of particles smallartx, i.e. the average concentration of
Pericarp in particles smaller thah Note that this is the average concentrationszall of
the particles smaller than The concentration of Pericarp in particles aest will be

different from this average. We turn our attentionhis now.

The preceding paragraphs have focussed on cunmilptobability density functions. The
probability density function for componenin its non-cumulative formg(x), is defined as:

AR = SN )
X

The quantitya(x)dx is the proportion of the total componerthat is in particles of size,
x+dx. Multiplying this by the total proportion of corapenti in the material as a whole gives
the total of the material as a whole that is congmdnand that is in the size rangex+dx.
This is equal to the proportion of total materialthe size rangg, x+dx, multiplied by the
componeni concentration of that material. Figure 2 illustsator Pericarp the two ways of
defining this quantity of material, based on thetipke size distribution and composition, or
on the Pericarp total and distribution, showing thay are equivalent. This equivalence is

expressed mathematically as:
X,0,()dx = p,(X)y, (x)dx (®)

where p,(X) is the probability density function describingetbutlet particle size distribution,
and yi(x) is the concentration of componeanin particles of sizex. Thus the amount of
material defined by the brown area in Figure 2esvtalue of the probability density function
for Pericarp at that poing,e(x), multiplied bydx and by the total proportion of Pericaipe.

This is equal to the total amount of material ia tangex+dx multiplied by the concentration

of Pericarp in that totaype(X).

Similarly, yx(X) is the concentration of Aleurone materigl,(x) is the concentration of
Endosperm material ange(X) is the concentration of Germ material in parsctd sizex.

Clearly

22 Y100 = Yoo () + Yo (X) + ¥en (X) + Yo (X) =1 ©
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> X000= 2,02 % (¥ =53 (10)

The breakage equation is given by Eqn. (1)D i$ essentially monodispersed (little variation
in wheat kernel size), then the breakage is destridyP,(x) = B(x,D) or, more generally, by
B(x,G/D) — the proportion of particles smaller thararising from breakage of wheat at a
given milling ratio G/D, where G is the roll gap. The functiong(x) similarly become
Yi(x,G/D), the proportion of botanical componenn particles of sizex resulting from milling
wheat at a milling ratigs/D. If the yi(x,G/D) are known, then both the size distribution of
particles following breakage and their compositionan be predicted. Thus the

compositional breakage equation is:

P,(x,G/D) :in-Yi(x,G/D) :in-fpi (x,G/D)-dx

(11)
:ZJpz(x,G/D)-yi (x,G/D)-dx
i
and in its non-cumulative form:
P,(X,G/D) =) X;:p(x,G/D)
i (12)

=2 P,(x.G/D)y,(x,G/D)

Equations 11 and 12 allow both the particle sizgrithution, and the composition of each
size fraction, to be described by a single equatibms simplifies the problem to establishing
“concentration functions” to describg.e(x,G/D), Ya(X,G/D), Yen(X,G/D) and yge(x,G/D),
leading to “compositional breakage functions” thaéscribe one(X,G/D), 0a(X,G/D),
Pen(X,G/D) and pge(X,G/D). This could be done by milling wheat at differeoll gaps, sifting
it into difference size fractions, and measuring tompositions of those size fractions,
the relative proportions of Pericarp, Aleurone, &merm and Germ in each fraction.
Knowing how these relative compositions changeyesiicould then in principle be fitted to
describe these changes as functiong ahdG/D. Ultimately, of course, with a very large
experimental programme, these compositional brealfagctions could be extended to
include hardness, as Camphetlial. (2007) did for the size-based breakage functibhese

ambitions were beyond the scope of the current work
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Equations 11 and 12 represent the continuous deguivaf the discrete compositional
breakage matrices introduced by Fistes and Tar{@0i@6). The equations presented here are

continuous functions that are more generally apple and more readily interpretable.

Identifying the form of compositional breakage functions

Having derived the compositional breakage equadioove, the first objective of the current
work, the second objective is to begin to undecstine form of the compositional breakage
functions by generating experimental data. In @ple this is as simple as measuring the
concentrations of Pericarp, Aleurone, Endosperm @&edm in size fractions following
milling, and fitting functions to describe the \ation. However, there are two difficulties
with this. Firstly, these concentration functiome not probability density functions and
hence do not have the well defined constraintgabgbility density functions that allow easy
fitting. Secondly, measuring the proportions afgh materials in milled wheat samples is not

straightforward.

Taking the first of these issues, Eqgn. (8) candagranged to give

yi (X) = x'p—'(x) (13)
£5(X)

where
d

P,(X) = d_Pz(X) (14)
X

and p(x) is similarly the derivative offj(x) as defined in Eqn. 7. Campbetlal. (2012)
introduced the Double Normalised Kumaraswamy Brgakaunction (DNKBF) as a flexible
probability density function well suited to desanidp the particle size distributions arising
from roller milling of wheat, and having a cumulegiform that is easy to fit and is then
differentiable. Assuming this function has thexitality to describeY;(x) as well, from
which g (x) could be obtained by differentiation, Eqn. 13ntlalowsyi(x), the concentration
of component in particles of siz&, to be calculated as the ratio of these two priibab
density functions. This approach, involving figia cumulative probability density function
to the accumulated data, is likely to deal withcm&acies in the experimental data more
effectively, and to yield more meaningful descops of the compositional breakage

functions, than attempting to fit the concentratiiata directly.
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The second issue identified above is that of erpemially measuring the composition of
milled fractions. In principle this can be donéngssuitable biochemical markers specific for
each tissue type (Peyron et al., 2002; Baatat., 2007; Barron and Rouau, 2008; Hemetry
al.,, 2009; Barronet al., 2011). However, Barron (2011) predicted the netattissue
proportion in wheat mill streams by FTIR spectrggc@nd PLS analysis. In that study,
Aleurone Layer, Intermediate Layer (composed of¢Hayers: hyaline layer, testa and inner
pericarp (Barroret al., 2007; Barron, 2011), Outer Pericarp and StarchgioSperm were
isolated as in previous works from the same aubfmm various common wheat cultivars.
(Germ constitutes about 3% of the grain; its omissadds an error of a magnitude that is
within the analytical error of the method.) Difet milled streams arising from debranning,
conventional milling and bran fractionation wer@guced from two French wheat varieties.
The spectra of botanical tissues and milled frastiwere collected with a FTIR coupled with
an ATR device. The biochemical markers techniqueist by the same author was used as
the reference method (Barr@h al., 2007; Hemeryet al., 2009; Barroret al., 2011). PLS
models were developed to predict the proportionth&f botanical tissues in the milled
streams. The predictions obtained were good defpteomplex natures and compositions
of botanical tissues. These models were used @ dirrent work to quantify the

compositions of milled fractions in order to fitrapositional breakage functions.

Materials and M ethods

In order to demonstrate the compositional brealaggtion approach, in the current work a
hard UK wheat, Mallacca (average hardness = 52/tage mass = 47.6 mg, average
diameter = 3.26 mm after conditioning, as measimedhe Single Kernel Characterisation
System Model 4100 (Perten Instruments, Sweden))aakK soft wheat, Consort (SKCS

hardness = 33.9, average mass = 34.7 mg, averagetir = 2.89 mm after conditioning)

were conditioned to 16% moisture (wet basis). @0famples were milled on the Satake
STR100 mill (Satake Corporation, Hiroshima, Jagrg roll gap of 0.5 mm under Sharp-to-
Sharp (S-S) and Dull-to-Dull (D-D) dispositions,daseparated by sifting into eight fractions
using sieves of size 2000, 1700, 1400, 1180, 880, &nd 212um, using equipment and

methods described elsewhere (Campbell., 2007). The milled fractions were analysed
using Barron’s spectroscopy-based models, in otdezstimate the proportions of Outer

Pericarp, Intermediate Layer, Aleurone and Stafehgiosperm in each fraction. In total 34
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samples were analyzed: two wheat types x two dispos x one roll gap x eight fractions =
32, plus the two whole wheats = 34. This workrespnted more fully in Galindez-Najera
(2014). No replication was undertaken due to prakctimitations; within the constraints of
the work, we preferred to generate data from cetitrg wheats and milling conditions, to

serve the purposes of illustrating the approachadiogving tentative new insights.

The protocol for spectroscopic analysis of the damwas based on the method described by
Barron (2011): milled fractions were first ground liquid nitrogen with a Spex CertiPrep
6750 laboratory impact grinder to have a homogesae Spectra were recorded in the MIR
region using a Nicolet Nexus 6700 (ThermoScientiGourtaboeuf, France) spectrometer
equipped with an ATR Smart DuraSamplelR accessdherfnoScientific, U.K.) and a
Mercury Cadmium-Telluride-High D detector. Spectrare recorded between 800 and 4000
cm Y, with samples pressed onto the diamond ATR ahet@rferograms (128) were collected
at 4 cm® resolution and co-added before Fourier transfdomat For each sample five
spectra were collected. An air-background scan neesrded every three spectra. Partial
Least Square (PLS) quantification was applied usimaglels developed by Barron (2011).
Similar spectral pre-treatments were then applegredict each tissue proportion. Outer
Pericarp, Intermediate Layer (including inner pamx), Aleurone and Starchy Endosperm
were predicted in each milled fraction, and thailtesinterpreted through the compositional
breakage equation.

A number of cautions are emphasised at this poihtrstly, we acknowledge that the
correlations used in the model were based on Frem#ats, such that the absolute results
generated for these UK samples are unlikely todoerate. However, the relative values are
likely to be sufficiently meaningful to allow thegproach here to be demonstrated and to
yield valid insights. Secondly, the models do alldw quantification of the Germ, and they
distinguish between the Outer Pericarp and therrdiate Layer. The information they
provide is therefore not quite in the form of trexidations above, in particular not intending
to provide mutually exclusive proportions of compots that sum to unity. The values for
Outer Pericarp, for example, should be consideedntlicate how the Outer Pericarp
concentration varies with particle size, but theresponding variations of Intermediate
Layer, Aleurone and Endosperm are not expectedrtote one. Thus the data can be used in
conjunction with Eqn. 12 to find the form of thengpositional breakage functions but not

their absolute values, and could not be used atdtiaige to define completely Eqn. 11, the
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compositional breakage equation. We also acknayelétat the individual trials were not

replicated.

Results and Discussion

Table 1 shows the proportion of material on eaelessize following milling under S-S or
D-D, and the percentages of Outer Pericarp, Intdiabe Layer, Aleurone and Starchy
Endosperm in each fraction as predicted by Barramislel, along with the predictions for
each component in whole wheat samples. Note tiatirtdependent raw data for each
component did not sum to unity, due to inherentrerrin the predictions and in their
application to UK wheats; on average the total negtevas overestimated by 8.3% for the
Mallacca samples and 4.9% for Consort, possiblygssiing that the French wheats used to
generate the models were more similar to the sofisGrt wheat, although the discrepancy is
within the accuracy of the method. The data regubrh Table 1 have been normalised to
unity, as a reasonable approximation to the conipasof particles in each size range, and to

fit the assumptions underlying the formulationlod tompositional breakage equation.

The total percentage of each component in the wialéacca wheat waXpe = 8.3% ,Xinjay =
1.2%,Xa = 6.0% andXe, = 84.4%; and in the whole Consort wheat Was= 2.3%,Xinay =
2.9%, Xy = 5.8% andXe, = 88.9%. Multiplying the amount of material orckasieve by the
concentration of a given component, and summingsetheallows the cumulative
compositional distributionsYpe(X), Ya(X), Yen(X) andYina(X) (the proportion by mass of the

total botanical component that is in particles $emdhanx) to be calculated.

The total is reported as the average for each capmgan Table 1, for each wheat type under
each milling disposition. Ideally, these averagesild be the same under both dispositions,
and identical with the predicted compositions o thhole grains. Inspection of Table 1
shows that there are some significant discrepanaiesh underline again the inherent errors
in the prediction method and in its applicationul wheats. Nevertheless, the data allow
the compositional breakage function approach tddraonstrated, with appropriate caution,
and using the averages rather than the data fotewlbeat in order to ensure internal
consistency in the analysis. The justification tus is that the average values are averaged
from eight measurements, compared with just onghferwhole wheat samples, and that in

any case the PLS models were developed for milledks rather than for whole wheats
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(Barron, 2011), so the results for the milled fracs might be expected to be more accurate

than those for the whole wheats.

Figure 3 shows the cumulative distributions for plagticle size distribution and for the four
component distributions, for the Mallacca wheatledilunder a Sharp-to-Sharp disposition.
Figure 4 presents the experimental data and thedfisize distributions in their non-
cumulative forms. Table 2 reports the fitted Daublormalised Kumaraswamy Breakage
Function parameters. In order to fit the DNKBFe thaxis was normalised by dividing
particle size by 400Qim, in order to yield Kumaraswamy shape parametensistent with
previously reported work, although the current worlly used 200@um for its largest sieve,
so the data beyond this size is not available. DINKBF in its cumulative form is
(Campbellet al., 2012)

P (2)= all- (- ))+ 1-a)fi- (- 2 )) (15)

Typel Breakage Type2 Breakage

wherez is the normalized siz&(2) is the percentage smaller tham is the proportion of the
distribution that can be described as Type 1 bmakandm, and n; are parameters
corresponding to Type 1 breakage. The quantity f)l-gives the proportion of Type 2
breakage, whilem, and n, are the parameters that describe the form of Typee2kage.
Differentiating Eqn. 14 gives the non-cumulativenfioof the DNKBF:

P.(2)=almnz - ) )+ (- a)mnz> -2 ) (16)

Typel Breakage Type2 Breakage

Considering the particle size distributions in Fguw(a) and Figure 4(a), the DNKBF
describes the data well, yielding valuesaof 0.36,m; = 5.54,n; = 178.10,m, = 1.08 anch,

= 3.44; these values are broadly consistent witvipus work for a wheat of hardness
around 50 milled under S-S (Camphetlal., 2012).

Figures 3(a) and 4(a) also show the Type 1 and Rypenctions that combine to give the
DNKBF. The values ofm; andn; describe a narrow peak of mid-range particles]enthiose
for my, andn, describe a broad distribution of mostly small jgéet but extending to include
the very large particles. Galindez-Najera and Qazetif2014) described a mechanism for
Type 2 breakage that explains the co-productioi@fvery large bran particles and the small
Endosperm particles, and hence why they are destrily the same Type 2 breakage

function.
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Considering now the cumulative distribution shownthe Outer Pericarp material in Figure
3(b) and the non-cumulative form in Figure 4(b)aiagthe DNKBF describes the data well.
Comparing Figures 4(a) and 4(b), it appears thaQhter Pericarp is noticeably concentrated
in the mid-range particles. The DNKBF shape patarseran = 4.05,n; = 53.9,m, = 0.38
andn, = 0.91, with the proportion of Type 1 breakages 0.733. The decrease in the Type 1
parameters has tended to make the Type 1 compohém distribution more narrow, while
the proportion of Type 1g, has increased to 0.733. Thus, Outer Pericappedominantly
found in the mid-range Type 1 particles resultimnf breakage. This is a new insight into

wheat breakage.

The Type 2 parameters have both decreased to @lelvhl, giving a very steep peak for the
very small particles, matching the experimentahdstthat point. This suggests that there is
a significant amount of Outer Pericarp in the vemall particles. This can be understood as
Pericarp “dust” that is produced during breakag®lthough bran material (Pericarp and
Aleurone) tends to stay as large particles duraligr milling, inevitably some small particles
of bran (Outer Pericarp or beeswing) are producad] this is evident here in the
experimental data and in the modelling of it. Agéahis is a new insight that is consistent
with the accepted physical understanding of thaneatf wheat breakage, but here has for the
first time been identified and described quantriii. It is proposed cautiously at this point,
recognising that this work is for a single wheatl o far we have considered only a single
component and only the S-S data. But it servahiatpoint to illustrate the nature of the

compositional breakage function interpretation Hrelinsights that can result.

Moving to consider the results for the AleuroneelgyFigures 3(d) and 4(d) show very
similar results to those for Outer Pericarp; thigkes sense, as the Pericarp and Aleurone
tend to fuse during conditioning and break toget{hmeryet al., 2007). The fit is not quite
as good as for the Outer Pericarp, despite thetrg;Iseopic model being in general more
accurate for Aleurone than for Outer Pericarp (8a@yr2011). Nevertheless, the same
features are evident: a greater concentration @uwne material in mid-range Type 1
particles, and a similar spike of very small pdecof Aleurone-containing “dust”. The
proportion of Type 1 in this case is lower at 0.5&%ile m; = 5.20,n; = 100,m, = 0.63 and

n, = 2.13, all larger than the corresponding valwesGuter Pericarp. Not too much should
be read into the fine detail of these changes, @ ymwting that in general the increases in the
values of the Kumaraswamy shape parameters movéistr@ution slightly to the right.
This may suggest the Aleurone is more prevalenslightly larger particles following
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breakage — possibly Outer Pericarp, being on thside) is “knocked off” these larger

particles more easily than Aleurone, although aspl& mechanism is not obvious and the
data does not support excessive speculation aptig. However the more general point
that the compositional variation of particles igywsimilar for both the Outer Pericarp and
Aleurone, and information from these two differentnponents points to similar conclusions

regarding the nature of mid-range particles andotieeluction of bran dust.

Figures 3(c) and 4(c) show the results for therinegliate Layer. This data is predicted by
the spectroscopic model least accurately, suchtlieaé is significant scatter in the data, but
the results show a similar pattern to those for eDuPericarp and Aleurone, adding
confidence that the features apparent in the grapltkese two components are genuine.

Moving to Figures 3(e) and 4(e), the Starchy Endaspshows contrasting behaviour to the
Outer Pericarp and Aleurone, being more predomimathe smaller particles, but with the
fitted curves featuring a dip at the very smallpatticles, consistent with these particles
containing significant amounts of bran dust andceeless endosperm. The proportion of
Type 1 is 0.293, witlm; = 6.30,n; = 343,m, = 1.18 anch, = 3.98. The increase ak to >1
introduces the hump at the lower end of the Typeire. There is still a significant Type 1
bump in the middle of the distribution, indicatititat there is a lot of Endosperm material in
these mid-range Type 1 particles. This is for ¢hmple reason that there are a lot of these
Type 1 particles. We must remember that theseildigions combine the particle size
distribution and the composition of those particlesch that the shapes of these curves is
dominated by the shape of the overall particle sigé&ribution. The fit to the data is good,
but this data does not show clearly the conceptratof components in these particles. We
will focus on the concentrations in a moment, ome2 have considered results for the

Intermediate Layer.

As noted above, the concentration functions canfduend by inserting the Double
Kumaraswamy Functions fitted to the particle sizstrdbution and to the compositional

distributions into Eqn. 12. Once again this iggtrated in relation to Outer Pericarp:

y = A% p& (;‘)
X
=f >’(i [a(mlnlznhgzl_ Z‘ml )nl )+ (1_ a)(mznzzr,nz_l )(1_ (1_ Z:T:z )nz )] i distribution (17)

) la(rrﬁnlzml_l (1_ z" )n1 ) + (1_ a)(mznz z™* )(1_ (1_ z"™ )nz )J particlesizedistribution
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Figure 5 shows the concentration functions resgltirom dividing the fitted DNKBF
functions using Eqn. 17, for all four componentsmpared with the original experimental
data for each component’s concentration. The aggaeis good, as one would hope as it is
a circular relationship — the experimental data wasd to generate the compositional
breakage functions, so the reverse analysis (wisiethat the ratio of the composition and
particle size DNKBFs is) would be expected mordess to recreate the experimental data.
Figure 5 simply reassures that the analysis dodsenh reveal genuine features, while
allowing continuous functions to be formulated tbatild not readily be formulated from the

raw compositional data.

A number of further observations can be drawn. sthir although dividing one wiggly
function by another wiggly function gives an evearmwiggly function for which not every
wiggle is meaningful, the curves obtained do seemagree with the trends in the
experimental data. The curves and data beyond gé®@ = 0.5) should be largely ignored,
as there was only one data point covering thigeméinge. But below 2000 um £ 0.5), the
concentration of Outer Pericarp as shown by theecis high initially and drops suddenly,
indicating fine Outer Pericarp dust present as wengll particles; the experimental data also
shows this. The concentration then increases &aé for the mid-range particles and begins

to decrease again, features that are again rallactthe experimental data.

The curves and experimental data for Aleurone stieevsame general pattern, albeit with
more scatter. The curves and data for the Stafsidosperm show an inverse trend with
lower concentrations in the finest and the mid-eapgrticles. The trend is less pronounced
because the Endosperm necessarily dominates theposttion of all the particles.
Meanwhile the overall trend is downwards, consisteith the expectation that larger
particles are less concentrated in Endosperm tiretley particles. The Intermediate Layer

seems to show a slightly increasing trend of cotraéon with particle size.

A further observation is that the concentrationctions are clearly very complex; it would be
not be possible to define a simple function likedybe capable of describing variations in
component concentration for a range of wheats cilleder a range of conditions. The
approach presented here, allowing the particle gidribution and the component

distributions to be described by Double Kumaraswadfayctions, the ratios of which give

the concentration functions, is a practical wagéscribe, quantify and interpret the effects of
breakage on component distributions.
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Figures 6 and 7 show the equivalent results for dlmples milled under a Dull-to-Dull
disposition. The fitted DNKBF parameters are agaiported in Table 2. Although this is
the same wheat, in other respects these resulisd@pendent of those discussed above; the
size fractions were generated and analysed indepdgdof those produced from milling
under S-S. It is encouraging that many of theufiesst seen in the S-S data also appear here:
the higher concentrations of Outer Pericarp andi®ee in mid-range Type 1 particles, and
higher concentration of Endosperm in smaller pkesic A notable difference is the absence
of evidence of Outer Pericarp in the very fine dwdthough there is still evidence of
Aleurone material in this fine dust, and also ofetmediate Layer, while there is a high
concentration of Outer Pericarp in the slightlygkr small particles. This probably reflects
limitations in this small set of experimental ddtat could conceivably reflect differences in
the nature of breakage under Dull-to-Dull compasgith Sharp-to-Sharp milling. Galindez-
Najera and Campbell (2014) describe differencethescraping of bran particles formed
from Dull-to-Dull milling compared with Sharp-to-8fp. Based on this description, it is
plausible that D-D gives less creation of bran diughe first place, but yields more effective
scraping of Endosperm from the inside of the ldvgen particles, this scraping generating
Aleurone and Intermediate Layer material in theesinparticles, but not getting as far as
Outer Pericarp. More extensive work would be ndeteidentify conclusively patterns of
breakage under different conditions, but the resiattm D-D milling support those from S-S
in demonstrating the quantitative interpretatioattthe compositional breakage function

approach can deliver.

Figure 8 presents the experimental data and thedfisize distributions in their non-
cumulative forms for Consort wheat. The fitted DNIKBarameters are again reported in
Table 2.

Considering the particle size distribution in Figu(a), the DNKBF describes the data well,
yielding values otx = 0.143,m; = 8.21,n; = 1527,m, = 0.99 andh, = 2.24; these values are

broadly consistent with previous work for a whettardness around 30, milled under S-S
(Campbellet al., 2012).

Figure 8(a) also show the Type 1 and Type 2 funetihat combine to give the DNKBF. As
a reminder, the values @y and n; describe a narrow peak of mid-range particles,Jevhi
those form, andn, describe a broad distribution of mostly small jgées but extending to
include the very large particles.
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Considering now the cumulative distribution shoven the Outer Pericarp in Figure 8(b),
again the DNKBF describes the data well. CompaFmgres 8(a) and 8(b), it appears that
the Outer Pericarp material is clearly concentratethe mid-range particles. The DNKBF
shape parameters amg = 4.02,n; = 53.9,m, = 0.75 and, = 0.63, with the proportion of
Type 1 breakagey = 0.790. The decrease in the Type 1 parametergemeral, makes the
Type 1 component of the distribution narrower, whie proportion of Type 1 has increased.
Thus, Outer Pericarp is predominantly found inrtid-range Type 1 particles resulting from
breakage. These results are similar to the findiagMallacca wheat.

Similar to Mallacca wheat, the Type 2 parametersdonsort wheat have both decreased to
below 1, but unlike Mallacca, a very small steeikepor the very small particles is observed
for Consort, matching the experimental data at gmant. This suggests a little amount of
Outer Pericarp “dust” in the very small particleattis produced during breakage. Although
bran material tends to stay as large particlesnduroller milling, inevitably some small
particles of bran are produced. Although this niesight is not as evident as it is for
Mallacca, there is still evident in both the expental data and in the modelling for Consort.
It is proposed cautiously at this point, recogrgsihat this work is only for two wheat types
and so far only a single Consort component and thdy5-S data have been considered. But
it serves at this point to illustrate the nature tbé compositional breakage function
interpretation and the insights that can result.

Regarding the results for the Aleurone layer, Feg8fd) show a similar pattern to those for
Outer Pericarp, although unlike Outer PericarpMaillacca wheat, there is not a steep peak
for the very small particles (less dust productioiihe fit is once again not quite as good as
for the Outer Pericarp, despite the spectroscomdahbeing in general more accurate for
Aleurone than for Outer Pericarp (Barron, 2011hisTmay indicate that Aleurone breakage
during milling is less well defined than Outer Rarp breakage. Similar to Outer Pericarp, a
greater concentration of Aleurone material in nradge Type 1 particles is evident, along
with very small particles of Aleurone-containingu&t”, although not showing a spike. The
proportion of Type 1 in this case is lower at 0.86jle my = 5.65,n; = 100,m, = 1.24 andy,

= 2.25, all larger than the corresponding valuesloter Pericarp. In general the increase in
the values of the Kumaraswamy shape parametersabgalistribution slightly to the right.
This may suggest once again the Aleurone is moewatent in slightly larger particles
following breakage; possibly Outer Pericarp, beimgthe outside, is eliminated from these

larger particles more easily than Aleurone, orhpps the production of Aleurone is coming
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from inside, in other words, the Starchy Endospkas been scraped off, allowing the action

of the rolls to reach the Aleurone.

Figure 8(c) show the results for the Intermediadgdr. As noted earlier, this data is predicted
by the spectroscopic model least accurately, shahthere is significant scatter in the data.
However, the Intermediate Layer shows an oppost@biour with respect to Outer Pericarp
and Aleurone; the presence of Intermediate Laydenad is considerable higher in the dust
but lower in the mid-range patrticles are pushedaro® the larger mid-range particles. This
insight is interesting because, while the InterratgdliLayer might be expected to behave
similarly to Aleurone and Outer Pericarp as parthef bran layers, the data suggest that the
shearing effect applied to this soft wheat caubesIhtermediate Layer to crumble quite
easily into small particles, while the Outer Pemcand Aleurone on either side remain
relatively intact. If true, this is a remarkablew insight into the nature of soft wheat

breakage.

Figure 8(e) show for the Starchy Endosperm contrgdtehaviour to the Outer Pericarp and
Aleurone, being more predominant in the smallettipglas. The proportion of Type 1 is
0.124, withm; = 6.74,n; = 343,mp = 0.951 andh, = 2.29. Similar to Mallacca wheat, there is
a significant Type 1 bump in the middle of the disition, indicating that there is a lot of
endosperm material in these mid-range Type 1 pestidgain, this is for the simple reason

that there are a lot of these Type 1 particles.

Figure 9 shows the concentration functions resgltirom dividing the fitted DNKB

functions using Equation 17, for all four comporsgntompared with the original

experimental data for each component’s concentrateimilar to Mallacca data, the
experimental Consort data was used to generateotin@ositional breakage functions, so the
reverse analysis more or less recreates the expetaindata. Similar to Mallacca wheat
results, Figure 9 reassures that the analysis dukesed reveal genuine features, while
allowing continuous functions to be formulated tbatild not readily be formulated from the

raw compositional data.

Figures 10 and 11 show the equivalent resultsHerGonsort samples milled under a D-D

disposition. The fitted DNKBF parameters are agaported in Table 2.

It is well established that milling a soft wheatden a D-D disposition gives a much broader
particle size distribution than milling a hard wheader S-S (Campbell et al., 2007, 2012),

and the results in Figure 10 reflect this. In teroh the compositional data, once again these
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data are independent from those considered abodeit & again encouraging that many of
the features seen in the S-S data also appeartherbigher concentrations of Outer Pericarp
and Aleurone in mid-range Type 1 particles, andhéigconcentration of Endosperm in
smaller particles. A notable difference is the alegeof Outer Pericarp in the very fine dust,
although there is still evidence of Aleurone matein this fine dust. The Intermediate Layer
shows a high concentration of dust in the very bipaiticles, while in the slightly larger
small particles there is higher concentration @& bthtermediate Layer which then decreases
in the mid-range and larger particles. It is obsdrthat Aleurone and Intermediate layer are
generating more dust than Outer Pericarp, whichmset show very little or no dust
production under D-D milling. Under S-S milling,ethproduction of Aleurone dust is less
compared with D-D milling, although Outer Pericahpst is higher and Intermediate Layer
seems to be even more. All these features arentrasi to the harder Mallacca wheat, in
which overall, the bran dust production is consaidg higher under both dispositions
compared with the soft Consort wheat, and partrbuldigher under D-D disposition.
Consistent with the description presented by Galrndajera and Campbell (2014), the
breakage mechanism observed here seems to suggese &ffective scraping of endosperm
from the inside of the large bran particles, tltisaping generating Aleurone and Intermediate

Layer material in the finest particles, but nottiget as far as Outer Pericarp.

Figure 12 collects the Outer Pericarp, Intermediager and Aleurone distributions together
on the same graph, for both wheats under both digpoes. Gathering together the data from
all four conditions highlights certain consisteatterns and some distinctive differences that
together give a degree of confidence that the ampaaffects are genuine. Most striking is
the contrast between the hard Mallacca wheat aadstfit Consort wheat, which is more
striking than the difference between the S-S arid @ispositions. There are some intriguing
and tantalising patterns within the compositioretbdfor Mallacca, most notably the aleurone
peak being shifted to the right compared with thee® Pericarp peak (which is also evident
for Consort under S-S), and the apparent productbnOuter Pericarp/Intermediate
Layer/Aleurone “dust” under S-S, but only Internagdi Layer/Aleurone dust, without Outer
Pericarp, under D-D, which may point to subtletrethe mechanisms of breakage. But more
striking than these small differences is the retiniformity of the Mallacca compositions
in relation to Outer Pericarp, Intermediate Layed aAleurone, which vary in broadly
consistent ways with particle size. This is in kear contrast to Consort, in which the

relative proportions of these three components appe vary substantially in particles of
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different size, pointing to very different breakag#gins. It appears that in the hard wheat,
essentially the bran layers break “together”, vgitlbsequent minor variations in composition
as bits are knocked off. This is consistent whita general understanding that in hard wheats,
the bran “breaks together with the endosperm” (Famdy Campbell, 2002a,b, 2003a), with
the breakage patterns being dominated by the erdosphysical properties. By contrast, in
the soft wheat, which naturally produces much latgan particles (Campbedt al., 2007;
Greffeuille et al., 2007) these large flat particles are then scrdpethe rollers in ways that
alter their composition profoundly, and more soemid-D than under S-S. The behaviour of
these large bran particles is therefore dictatedhmuore by the properties and structure of

the bran layers than by the hardness of the endospe

Perhaps most interesting is the evidence that vahlange flat bran particle produced from a
soft wheat is scraped by the differential actiorthef rollers, the Intermediate Layer appears
to crumble into smallish particles, while the Outeericarp, and to a lesser extent the
Aleurone, manage to stay predominantly in largdiglas. This is evident under S-S, while
under D-D, the contrast between the Outer Periaaugh Intermediate Layer is even more
evident, with Aleurone tending more towards smabkarticles in this case. This idea that the
Intermediate Layer, which is physically locatedvien the Outer Pericarp and Aleurone
layers, appears to crumble into small particledstithe layers either side remain more intact,
has profound consequences for understanding theenaf wheat breakage and differences
between the milling performances of different wikeatlt may be that this crumbly
Intermediate Layer is specific to this particulasnSort sample, and not a general feature of
soft wheats, in which case the implications arenewere profound, particularly for Second
Break milling which is devoted to scraping of larigt bran particles (Mateos-Salvadeir
al., 2013). Variations in the breakage patterns efltitermediate Layer could be exploited
for developing wheats, or conditioning regimes, Forst Break/Second Break roll gap

combinations that lead to noticeably enhanced séiparduring Second Break milling.

Greffeuille et al. (2007) investigated the mechahigroperties of the outer layers, Outer
Pericarp, Aleurone and Intermediate layer, togetret separately, for wheats of different
hardness from near-isogenic lines. They confirtied when these outer layers were intact
as unseparated bran, they were more extensibleisdft wheats, consistent with the larger
bran particles obtained from milling soft wheatSor the individual layers, they found that
isolated Outer Pericarp was the least extensiblerlan agreement with earlier work by

Antoine et al. (2003), and that Outer Pericarp fiwand wheat was more extensible and less
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rigid than from soft wheat. For hard wheats, tHeuwhone was the most extensible of the
component tissues, while in soft wheats, the Inéslisie Layer was the most extensible
tissue. However, when Aleurone and IntermediatgetLavere tested together as adherent
tissues, layers from hard and soft wheats had dlidesatical mechanical properties despite
the different properties of the component tissu€sucially, they concluded that for hard

wheats, “the force exerted on aleurone and interaedayers when the Outer Pericarp
breaks may lead to rupture of the other tissues @msequently of the combined outer
layers” while “For soft wheat, it appears that QuRericarp rupture does not lead to rupture
of the other two tissues”. This is consistent wiitle current work that found that Outer

Pericarp, Aleurone and Intermediate Layer tendeblreak together in the hard wheat but
very differently in the soft wheat. Greffeuille @l. (2007) highlighted differences in

adhesion between layers, as well as the inherechamécal properties of each layer, as

influencing the transmission of stresses betwesr$aand their relative rupture patterns.

In general these results and related work (Peybml., 2002; Antoineet al., 2003;
Greffeuille et al., 2006) show that the mechanical properties of bagars in hard and soft
wheats vary in ways that support and help to erplhe conclusion here: that bran layers
tend to break together into particles of relativetyform composition in hard wheats, while
in soft wheats the bran breaks into particles Yaay in their proportions of the component
layers, because the component layers rupture mmatependently. Peyroet al. (2002)
identify understanding of adhesion forces, struadturegularities and mechanical properties
of wheat outer layers as a priority area for redeanto understanding wheat milling
behaviour and informing wheat variety selectionheTcurrent work complements these
previous studies and serves this latter goal byngiva process engineering basis for

guantifying the breakage patterns of wheat tisswesg milling.

Throughout this discussion we have been carefdligblight limitations in the scope and
accuracy of the study, and clearly these tentativggestions would be more conclusive if
based on a wider range of wheats and roll gapgbé€itcraping of large flat bran particles has
such profound effects on bran particle compositidnwould have been interesting to
complement these results with those from a smatiérgap, for which scraping would be
expected to be more severe). Nevertheless, thenasb patterns are sufficiently similar in
certain respects and sufficient different in oth@&msways that are consistent with the known
effects of wheat hardness and disposition on bggakBang and Campbell, 2002a,b, 2003a;
Campbellet al., 2007) and with the understanding of the mechapicgperties of bran layers



641
642
643
644
645
646
647

648
649
650
651
652
653
654

655
656
657
658
659

660

661

662

663
664

(Greffeuille et al., 2007), that there can be odafice that the new insights are at least
plausible. A greater understanding of the sulffieces of the physical properties of bran and
endosperm and their interaction with roll gap amgpdsition has the potential to lead to more
effective wheat breeding and flour milling, incladithe current interest in bran fractionation
to develop products enriched in certain compon@dé&nery et al., 2007). Meanwhile, this
work has demonstrated the new insights and quéawétanderstanding that can be accessed

through the compositional breakage equation approac

Figure 13 shows the distributions of all four tissuOuter Pericarp, Intermediate Layer,
Aleurone and Starchy Endosperm) plotted togethehersame graph, for both wheats under
both dispositions. In this graph the distributidresse been multiplied by the proportions of
each component, such that Figure 13 is the equivadé Figure 1. The distributions
therefore add up to give the overall particle sizgtribution, px(x), i.e. the figure is the
graphical representation of Equation 12, the comntiposl breakage equation in its non-

cumulative form.

Figure 13(a) and (c) shows dashed lines for thdadeh and Consort wheats milled under S-
S disposition, as examples of particles of differeomposition. To illustrate how
compositions can be calculated, for the Mallaccaathmilled under S-S disposition, the
values of the Outer Pericarp, Intermediate Laydeufone and Starchy Endosperm for
particles of size 500 um (shown by the dasheditirtégure 13(a)) are:

X .0,,600 = 00034 X p 600 = 00010
X, 0,600 = 00032 X, P, 600 = 00707
p, 600 = 0.0034+0.0010+0.0032+0.0707 = 00783

From these values, the composition of particlesQifum can be calculated:

Y,0(500 = 00034/0.0783 = 00434
v, (500 = 0001000783 = 00128
y, 600 = 00032/0.0783 = 00409
y.. 600 = 00707/00783 = 09029

i.e. these particles are 4.3% Outer Pericarp, 1.3%nediate Layer, 4.1% Aleurone and
90.3% Starchy Endosperm.
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Similarly, using a contrasting example, for the €amh wheat milled under S-S disposition,
the values of the Outer Pericarp, Intermediate Lag&eurone and Starchy endosperm for

particles of size 1500 um (shown by the dasheditiieégure 13(c)) are:

Xpe,ope(1500 = 0.0078 X..0,,(150Q = 0.0012
X,0,(50Q = 0.0099 X P (1500 = 0.0721
0,(1500 = 0.0078+0.0012+0.0099+0.0721 = 0.0910
hence

ype(1500 = 0.0078/0.0910 = 0.0857

Y,,(1500 = 0.0012/0.0910 = 0.0132

y, (1500 = 0.0099/0.0910 = 0.1088

Y, (1500 = 0.0721/0.0910 = 0.7923

leading to a composition for these particles o8 ®uter Pericarp, 1.3% Intermediate Layer,
11% Aleurone and 79.2% Starchy Endosperm, i.e.etlpasticles are much richer in bran

material and depleted in endosperm, compared Wwélptevious example.

The approach presented here, allowing the par8de distribution and the component
distributions to be described by Double Kumaraswafayctions, the ratios of which give

the concentration functions, is a practical wagéscribe, quantify and interpret the effects of
breakage on component distributions. This approatdo represents the continuous
equivalent of the discrete compositional breakagérices introduced by Fistes and Tanovic
(2006), yielding greater predictive power and geeatechanistic insights in wheat breakage.
More work is needed to evaluate the accuracy osgeetroscopic predictions for this sort of
application, and to apply the approach to a widege of milled samples in order to lead to
more confident conceptions of the physical breakagehanisms operating during roller

milling of wheat and the compositional and struatdactors influencing these.

Conclusions

The distributions of wheat kernel components withight size fractions of Mallacca and
Consort wheats milled under S-S and D-D dispositibave been quantified by PLS models

developed by Barron (2011), and the concentratimnctfons found by fitting Double
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Normalised Kumaraswamy Breakage Functions to thécpe size distribution and to the
compositional distributions. The DNKBF was founddescribe the data well for the four
botanical components studied: Outer Pericarp, nmeeliate Layer, Aleurone and Starchy
Endosperm, for both wheat types and both dispaostioFor the hard Mallacca wheat, the
Outer Pericarp and Aleurone layer compositions mostried with particle size in similar
ways, consistent with these layers fusing toge#isetbran” and breaking together, although
with possibly a subtle difference around the prdiducof very fine particles under D-D
milling. Although the data calculated for the Imbediate Layer by the spectroscopic model
was less accurate compared with the other botatigslies, the results show a broadly
similar pattern to those for Outer Pericarp andufdae in the Mallacca wheat, adding
confidence that the features observed are genuitmavever, for Consort wheat, the
Intermediate Layer behaved differently from Outeri€arp and Aleurone, suggesting a
different breakage mechanism which could be assmtiaith how wheat hardness affects
breakage of the bran and the production of largelftan particles. This finding gives new
insights into the nature of wheat breakage, andctribution of the Intermediate Layer
tissues to breakage, that could have implicationsvheat breeding and flour mill operation

as well as bran fractionation processes to recowgitionally enhanced fractions.

The data from both wheats under the two millingpdstions highlighted consistent patterns
and some distinctive differences that together givadegree of confidence that the apparent
effects are genuine. The contrast between the Kaithcca wheat and the soft Consort
wheat is more evident than the difference betwd®n S-S and D-D dispositions. Some
interesting patterns within the compositional d&a Mallacca are observed, like the
Aleurone peak being shifted to the right comparét tihe Outer Pericarp peak, which is also
evident for Consort under S-S, and the apparerdymtion of Outer Pericarp/Intermediate
Layer/Aleurone dust under S-S, but only Intermedibayer/Aleurone dust, without Outer
Pericarp, under D-D, which may point to subtletieshe mechanisms of breakage. The
relative uniformity of the Mallacca compositionsnelation to Outer Pericarp, Intermediate
Layer and Aleurone, which vary in roughly consisterays with particle size, is notable.
This is in contrast to Consort, in which the relatproportions of these three components
appear to vary substantially in particles of difetr size, pointing to very different breakage

origins.

It is suggested tentatively that in the hard whikat bran layers break “together”, with

subsequent minor variations in composition as dniesknocked off. By contrast, in the soft
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wheat, which naturally produces much larger bramtigdes, these large flat particles are then
scraped in such a way that their composition chamgefoundly, and more so under D-D
than under S-S. The behaviour of these large paaiicles is therefore dictated more by the
properties and structure of the bran layers thartheyhardness of the endosperm. The
current work complements previous studies of theharical properties of bran layers by
giving a quantitative process engineering basis torderstanding wheat breakage

mechanisms in order to inform milling practice aviteat breeding.
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Table 1. Particle size distributions and compositions of size fractions following milling of
Mallacca and Consort wheats under Sharp-to-Sharp and Dull-to-Dull dispositions.

Sieve Size Percentage on Pericarp Intermediate Aleurone Starchy
(um) sieve concentration Layer concentration Endosperm
(%) concentration (%) concentration
(%) (%)
Mallacca
Sharp-to-Sharp
2000 7.92 12.6 5.5 6.6 75.4
1700 10.78 11.4 2.0 11.4 75.3
1400 19.49 11.7 1.6 6.1 80.6
1180 12.87 13.9 2.4 8.9 74.8
850 14.88 12.7 1.1 5.5 80.7
500 14.09 6.5 2.0 2.4 89.2
212 10.88 3.9 0.7 7.0 88.4
0 9.10 9.2 1.9 9.7 79.2
Average 10.4 2.0 6.9 80.8
Dull-to-Dull
2000 35.74 8.9 3.6 5.2 82.3
1700 11.66 15.2 3.0 7.1 74.7
1400 10.35 14.2 0.9 8.5 76.4
1180 5.14 13.3 2.7 3.6 80.4
850 6.47 8.9 2.5 2.1 86.4
500 10.75 5.7 1.7 5.1 87.5
212 11.06 7.8 0.0 4.5 87.7
0 8.83 2.1 4.1 7.3 86.5
Average 9.3 2.6 5.6 82.5
Whole grain 8.3 1.2 6.0 84.4
Consort
Sharp-to-Sharp
2000 17.93 3.8 3.5 11.0 81.8
1700 10.35 5.6 2.3 13.0 79.1
1400 14.37 7.2 2.8 11.7 78.3
1180 10.39 9.8 0.0 8.2 82.0
850 9.94 7.3 1.7 7.4 83.6
500 15.0 3.6 3.0 6.5 86.9
212 11.79 0.1 3.1 4.0 92.8
0 10.23 0.9 3.8 2.8 92.5
Average 4.7 2.6 8.3 84.4
Dull-to-Dull

2000 37.95 6.5 3.8 15.1 74.6
1700 8.86 8.3 14 11.8 78.5
1400 6.91 7.0 1.4 13.2 78.4
1180 4.78 9.5 1.1 12.9 76.5
850 6.31 4.7 1.9 9.1 84.3
500 12.09 0.9 4.1 5.6 89.4
212 12.16 0.0 4.5 7.0 88.6
0 10.95 0.0 3.6 10.3 86.1
Average 4.5 3.2 115 80.7
Whole grain 2.3 2.9 5.8 88.9




Table 2. Fitted DNKBF parameters.

a m, ny m, n;
MALLACCA
Sharp-to-Sharp (S-S)
PSD 0.358 5.54 178 1.08 3.44
Pericarp 0.733 4.05 53.9 0.38 0.91
Intermediate layer 0.374 4.81 100 0.79 1.26
Aleurone 0.558 5.18 100 0.63 2.13
Starchy endosperm 0.293 6.29 343 1.18 3.98
Dull-to-Dull (D-D)
PSD 0.379 7.89 99.9 0.92 2.36
Pericarp 0.419 6.44 99.9 1.06 1.59
Intermediate layer 0.263 7.04 99.9 0.41 0.47
Aleurone 0.455 7.00 99.9 0.61 1.44
Starchy endosperm 0.395 8.16 99.9 0.97 2.91
CONSORT
Sharp-to-Sharp (S-S)
PSD 0.143 8.21 1526 0.99 2.24
Pericarp 0.790 4.02 53.9 0.75 0.63
Intermediate layer 0.421 7.24 100 1.15 7.94
Aleurone 0.356 5.65 100 1.24 2.25
Starchy endosperm 0.124 6.74 343 0.95 2.29
Dull-to-Dull (D-D)
PSD 0.432 8.67 99.9 0.98 3.79
Pericarp 0.228 4.36 99.7 6.13 24.25
Intermediate layer 0.286 2.28 100 0.35 0.31
Aleurone 0.133 6.16 99.9 0.49 0.51

Starchy endosperm 0.421 8.56 99.9 1.03 493
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Figure 1. Contrived example that shows how the cumulative PSD is comprised of the cumulative
distributions of the four botanical components in particles of different sizes. Adapted from
Choomjaihan (2009).
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Figure 2. Non-cumulative form of the contrived example of Figure 6.1, displaying how particles of
different size are made up of different compositions. Adapted from Choomjaihan (2009).
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Figure 3. Cumulative particle size and component distributions, for Mallacca wheat milled under a

Sharp-to-Sharp disposition.
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Figure 4. Non-cumulative particle size and component distributions, for Mallacca wheat milled under

a Sharp-to-Sharp disposition.
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Figure 5. Concentration functions for outer pericarp, intermediate layer, aleurone and starchy
endosperm, compared with experimental data, for Mallacca wheat milled under Sharp-to-Sharp
disposition.
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Figure 6. Non-cumulative particle size and component distributions, for Mallacca wheat milled under

a Dull-to-Dull disposition.
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Figure 7. Concentration functions for outer pericarp, aleurone, endosperm and intermediate layer,
compared with experimental data, for Mallacca wheat milled under a Dull-to-Dull disposition.
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Figure 8. Non-cumulative particle size and component distributions, for Consort wheat milled under

a Sharp-to-Sharp disposition.
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Figure 9. Concentration functions for outer pericarp, intermediate layer, aleurone and starchy

endosperm, compared with experimental data, for Consort wheat milled under a Sharp-to-Sharp
disposition.
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Figure 10. Non-cumulative particle size and component distributions, for Consort wheat milled under

a Dull-to-Dull distribution.
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Figure 11. Concentration functions for outer pericarp, aleurone, endosperm and intermediate layer,
compared with experimental data, for Consort wheat milled under a Dull-to-Dull disposition.
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Figure 12. Outer pericarp, intermediate layer and aleurone distributions for Mallacca (a,b) and
Consort (c,d) wheats milled under a Sharp-to-Sharp (a,c) and Dull-to-Dull (b,d) dispositions.




Mallacca S-S Mallacca D-D
0.16 # Outer pericarp 0.16 <+  Outer pericarp
¢ Intermediate layer 4 Intermediate layer
¢ Aleurone ¢ Aleurone
0.14 1 » starchy Endosperm 014 1 » starchy Endosperm
DNKBF Outer pericarp DNKBF Outer pericarp
=== DNKBF Intermediate layer === DNKBF Intermediate layer
0.12 - == DNKBF Aleurone 0.12 4= DNKBF Aleurone
=== DNKBF starchy Endosperm === DNKBF starchy Endosperm
a— PSD —PSD
010 -
x —
= X
3 &
x B ;
0.08 - NS
0.06 - :
0.04 1 :
0.02 :
w
0.00 - g ¥ = >
0 500 1000 1500 2000 0 500 1000 1500 2000
X (um) X (um)
(a) (b)
Consort S-S Consort D-D
0.16 016 & Outerpericarp
¢ Outer pericarp ¢ Intermediate layer
¢ Intermediate layer ¢ Aleurone
Aleurone 0.14 + ¢ starchyEndosperm
0.14 - ¢ starchy Endosperm e DNKBF Outer pericarp
DNKBF Outer pericarp === DNKBF Intermediate layer
=== DNKBF Intermediate layer 0.12 e DNKBF Aleurone
0.12 1 === DNKBF Aleurone == DNKBF starchy Endosperm
=== DNKBF starchy Endosperm — PSD
= 0.10 A =
a a
~ X
< 0.08
0.06 :
0.04 - H
0.02 A :
- ‘——\
0.00 _.#_—ng_“_‘-’\k
' ' T 0 500 1000 1500 2000
0 500 1000 1500 2000
X (um) X (um)

(c) (d)

Figure 13. Outer pericarp, intermediate layer, aleurone and starchy endosperm distributions for
Mallacca (a,b) and Consort (c,d) wheats milled under (a,c) Sharp-to-Sharp (a,c), and Dull-to-Dull (b,d)
dispositions.



Highlights
The breakage equation for roller milling of wheat was extended to include composition
Compositional breakage functions were formulated based on spectroscopic models

Composition modelled in terms of Pericarp, Intermediate Layer, Aleurone and
Endosperm

In a hard wheat these layers tended to break together, but separately in a soft wheat



