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“In these two operaAons the story of milling… begins: the breaking up of cereal grain seeds, 
[and] the removal from the resulAng meal of the unwanted porAons…  The story… is of how 
we have learned to do these tasks beIer and beIer, devising improved tools and new skills 
as Ame passed; enlisAng the forces of nature to help us; enlarging our mechanical arts and 
our mental capaciAes as we struggled with the twin problems of increasing the quanAty and 
improving the quality of our product; adopAng new ways of life, forming new social 
organizaAons as a result of a growing dependence on this increasing food supply…There is 
no other single thread of development that can be followed so conAnuously throughout all 
[Western] history, and none which bears so constant a cause-and-effect relaAon to every 
phase of our progress in civilizaAon.”   

Storck and Teague, Flour for Man’s Bread (1952, p5) 
 

"When you can measure what you are speaking about, and express it in numbers, you know 
something about it; but when you cannot measure it, when you cannot express it in 
numbers, your knowledge is of a meagre and unsaAsfactory kind; it may be the beginning 
of knowledge, but you have scarcely, in your thoughts, advanced to the stage of science, 
whatever the maIer may be."  

William Thompson, Lord Kelvin (1889) 
 
 
This year I have been a chemical engineering academic for 30 years, about 15 of which were spent 
applying chemical engineering approaches to study wheat breakage.  I recently took over teaching 
parNcle technology in my university’s chemical engineering programme, giving me a nostalgic 
opportunity to reconnect with my earlier research on wheat flour milling.  A wheat field and windmill 
grace the cover of my module booklet, and my students are (I suspect) the only chemical engineering 
students in the world who are told that “the wheat kernel is the world’s most important parNcle”, in 
terms of influence on civilisaNon, internaNonal relaNons and science and technology.  Much of what we 
know about parNcle technology we have learned from milling of wheat into flour. 
 
Modern flour milling starts with the iniNal breakage of the wheat kernels in what is called First Break, 
using counter-rotaNng fluted rollers to open up the wheat kernel.  Roller milling breaks open the wheat 
kernel in such a way that the outer layer of bran tends to stay in large parNcles and the floury endosperm 
tends to break into small parNcles, so that flour and bran can be separated by size using siYing.  Moisture 
content affects bran and endosperm breakage – opNmally tempered wheat toughens the bran so that 
it stays as large parNcles, while soYening the endosperm so that it breaks into smaller parNcles, 
facilitaNng the separaNon of bran from endosperm.   
 
Figure 1 illustrates the producNon of large bran parNcles (sNll with floury endosperm adhering) and 
smaller endosperm parNcles, and the factors that influence the distribuNon of parNcle sizes – the 
properNes of the wheat kernels (size, shape, hardness and moisture) and the design and operaNon of 
the mill.  Through repeated milling and siYing, high yields of relaNvely pure flour are obtained in a dry 
(and therefore cheap) process.   
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The distribuNon of parNcle sizes produced by this iniNal breakage of the wheat affects the flows 
throughout the rest of the mill, and hence the yield and quality of flour.  First Break is therefore a criNcal 
control point in the mill.  Ideally if the parNcle size distribuNon from First Break were kept constant, the 
flows to the rest of the mill would be constant and the mill would run smoothly.  The problem is, the 
wheat entering the mill is constantly changing.  There is a need, therefore, to understand how wheat 
properNes and mill operaNon affect the parNcle size distribuNon coming out of First Break. 
 
 
 

 
 

Figure 1. Factors affecNng wheat kernel breakage during First Break roller milling. 
 
 
Modelling wheat breakage 
 
What lights my fire in research is combining mathemaNcal modelling with elegant experiments to reveal 
insights that could not be achieved any other way.  I apologise for bringing an equaNon into this arNcle 
(Steven Hawking in A Brief History of Time recalls how he was warned that for every equaNon he 
included, the book's readership would be halved – hence he only included 𝐸 = 𝑚𝑐!!).  It is not 
necessary to understand the following equaNon, but it is helpful to be aware that the basis of my wheat 
milling research was a breakage equaNon I developed that relates the size distribuNon of the output 
parNcles, described by a funcNon 𝜌!(𝑥), to the size distribuNon of the wheat kernels, described by a 
funcNon 𝜌"(𝐷), via a breakage funcNon 𝜌(𝑥, 𝐷): 
 

𝜌!(𝑥) = + 𝜌(𝑥, 𝐷)
#

$%&
𝜌"(𝐷)𝑑𝐷 

 
My work extended this equaNon to include effects of wheat kernel hardness, moisture and shape as 
well as roll gap and disposiNon.  (The flutes on rolls are asymmetrical, with a sharp and a dull edge, and 
the rolls rotate at different speeds.  This allows milling to be undertaken under different disposiNons – 
a sharp edge of the fast roll can “meet” a sharp edge on the slow roll, to give Sharp-to-Sharp milling, 
and so on for Sharp-to-Dull, Dull-to-Sharp and Dull-to-Dull, giving different breakage paberns.)   

Feed characteristics
• kernel size
• kernel shape 
• kernel moisture 
• kernel hardness 
• distributions of size, shape etc.

Output characteristics
• particle size distribution
• distribution of other quality 

factors e.g. composition, 
starch damage

Roller mill design
• roll diameter
• fluting
• number of flutes
• flute profile
• spiral
• pressure/rigidity

Roller mill operation
• speed
• differential
• gap
• disposition

• sharp-to-
sharp

• dull-to-dull
• sharp-to-dull
• dull-to-sharp

• roll wear

Process 
performance

• power
• roll wear
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In a further extension, my students and I developed ways of predicNng not just the size distribuNon of 
outlet parNcles from First Break, but also their composiNon (recalling that the point of roller milling is 
that large parNcles have more bran and small parNcles have more endosperm).  At that point the maths 
and experimental work became very complicated! 
 
The value of the work wasn’t simply in allowing the size distribuNon of broken stocks to be predicted 
from input kernel properNes and roll gap and disposiNon, it was in giving insights into how wheat kernels 
breaks, and allowing these insights to be quanNfied (hence the opening quotaNon from Lord Kelvin).  In 
parNcular, the work idenNfied two types of breakage, called (unimaginaNvely) Type 1 and Type 2. 
 
Two types of breakage 
 
Figure 2 illustrates a typical parNcle size distribuNon resulNng from First Break milling of a soY wheat.  
The overall distribuNon (shown in the black line) shows a large quanNty of small parNcles on the leY, 
tailing off to a small quanNty of very large parNcles on the right, and with a “hump” of middle size 
parNcles in the mid-range.  This overall distribuNon can be described as made up of two underlying 
distribuNons.  Type 2 (in red) is a wide, smooth curve that describes (perhaps surprisingly – we’ll come 
back to this) both the producNon of the very large parNcles and the very small parNcles.  Type 1, 
meanwhile, is a narrow peak that describes the mid-sized parNcles (blue). 
 
 

 

 
 

Figure 2. A typical distribuNon of parNcle sizes following First Break milling of wheat, showing two 
types of parNcles: Type 1 mid-sized parNcles, and Type 2 parNcles which cover both the very large bran 

parNcles and the very small endosperm parNcles.  (The parameter z is a normalised parNcle size.) 
 
 
The word “reificaNon” (from the LaNn “res” = “thing” and “facere” = “to make”) means the act of 
treaNng an abstract concept as if it were a tangible, concrete thing; it is a “fallacy of ambiguity”, when 
an abstracNon is treated as if it were a physical reality.  In my work the breakage paberns can be 
described by these two mathemaNcal funcNons.  That in itself does not mean that the mathemaNcal 
funcNons relate to physical realiNes – they could just be a convenient descripNon of the experimental 
data.  However, there is evidence that the forms of these two funcNons do in fact relate to, and give 
insights about, two different breakage phenomena happening during milling. 
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Figure 3 shows a (simplified) picture of how the experimental data and modelling suggest wheat breaks 
during roller milling.  The wheat kernel has a protecNve layer of bran.  As it starts to enter the gap 
between the rolls, the kernel is broken open to create large bran parNcles with endosperm adhering, 
with some smaller parNcles also being produced (Figure 3(a)).  These smaller parNcles conNnue through 
the narrowest part of the gap without breaking further, and emerge as mid-size parNcles comprising 
broken pieces of endosperm and bran – these are Type 1 parNcles.   
 
Meanwhile, the large bran parNcles tend to align with the gap as they pass through the narrowest point 
(called the “nip”), where they are held by the slow roll and “scraped” by the flutes of the fast roll.  This 
causes very small endosperm parNcles to be scraped from the large bran parNcles (Figure 3(b)).  This 
explains the surprising observaNon that Type 2 parNcles can be described by a single funcNon that covers 
both the large bran and very small endosperm parNcles, because the two types of parNcles arise from 
the same breakage mechanism – the small endosperm parNcles are created through the scraping 
mechanism from the large bran parNcles.  Breakage that gives more large bran parNcles will therefore 
also give more small endosperm parNcles, and fewer in the mid-size range. 
 
(Strictly speaking, Type 1 breakage and Type 1 parNcles (and Type 2 breakage and parNcles) are speaking 
about two different things – “breakage” refers to the mechanism, “parNcles” to the results.  However, 
for ease of communicaNon, I am using the two terms interchangeably, as a greater proporNon of Type 
1 parNcles implies more Type 1 breakage.) 
 
 
 

 

 

 
 

(a) Ini+al opening of the wheat kernel to create large 
bran par+cles and smaller Type 1 par+cles. 

(b) Scraping of the large bran par+cles to produce 
very small endosperm par+cles (Type 2 breakage). 

 
Figure 3. Mechanisms of wheat breakage during First Break roller milling. 
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Evidence for this picture of how wheat breaks arises from milling debranned wheat kernels – kernels 
that have had some of the bran polished off before roller milling.  Figure 4(a) illustrates how debranning 
disrupts the integrity of the bran, so that on iniNal breakage, no (or few) large bran parNcles are 
produced.  There can therefore be no (or lible) scraping of these bran parNcles to produce small 
endosperm parNcles.  Hence, few Type 2 parNcles are created, and the output consists predominantly 
of the mid-range Type 1 parNcles.  Figure 4(b) shows how debranning results in a much greater 
proporNon of Type 1 parNcles (as well as moving the enNre parNcle size distribuNon to the leY, i.e. 
towards smaller parNcles). 
 

 
 
 

 
(a) Debranning of wheat before roller milling disrupts the bran layer, preven+ng produc+on of large  

bran par+cles, and precluding scraping of small endosperm par+cles from the bran.   
Hence Type 2 breakage is compromised and Type 1 breakage predominates. 

 
 

Intact wheat (38% Type 1 breakage) 

 

Debranned wheat (49% Type 1 breakage) 

 
(b) Type 1 and Type 2 breakage of intact wheat (leJ) and of wheat debranned for 60 seconds (right). 

 
Figure 4. Effect of debranning on producNon of Type 1 and Type 2 parNcles. 
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Figure 5 illustrates the effects of kernel hardness and roll disposiNon on the proporNons of Type 1 and 
Type 2 breakage.  Hard wheats and Sharp-to-Sharp milling tend to give more producNon of Type 1 
parNcles, while soY wheats and Dull-to-Dull milling favour the Type 2 breakage mechanism, producing 
large bran parNcles from which small endosperm parNcles are effecNvely scraped. 
 
 

Hard wheat, Sharp-to-Sharp milling 
65% Type 1 breakage 

Hard wheat, Dull-to-Dull milling 
53% Type 1 breakage 

  
 

  
SoJ wheat, Sharp-to-Sharp milling 

29% Type 1 breakage 
Hard wheat, Dull-to-Dull milling 

25% Type 1 breakage 

  
  

Figure 5. Hard wheats and Sharp-to-Sharp milling favour producNon of Type 1 parNcles,  
while SoY wheats and Dull-to-Dull milling favour Type 2 breakage. 

 
 
A quanAtaAve science of wheat milling 
 
Our further work on the composiNon of the different sizes of parNcles hinted at some further subtleNes.  
Bran is made up of several botanical layers (Pericarp, Intermediate layer and Aleurone being the main 
three).  Our work suggested that in hard wheat, these layers break together, such that the bran 
component of parNcles have similar proporNons of the three layers.  In soY wheat, the layers are more 
likely to delaminate, such that parNcles of different sizes have different proporNons of these bran 
components, suggesNng different breakage paberns for the bran of soY wheat compared with hard 
wheat.  (The composiNonal work also idenNfied very fine bran dust – bran breaks to give large parNcles, 
but inevitably some of the bran shabers into dust that collects with the finest endosperm flour.)  
Understanding these subtleNes would give a firmer basis for breeding, growing and milling wheats with 
greater depth of insight and effecNveness of pracNce. 
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Milling of wheat into flour is one of the cornerstones of civilisaNon and of modern society.  An accurate 
understanding of how wheat breaks, in terms of meaningful mental pictures and the ability to model 
and quanNfy effects, is therefore central to an effecNve science of wheat milling that can conNnue to 
underpin the health, security and affordability of the global food supply chain. 
 
 
 
 
 
 
 
The picture of wheat breakage presented here is the result of modelling and experimental work 
described in the following publicaNons (with grateful acknowledgement to numerous co-authors and to 
the Satake CorporaNon of Japan who generously supported this research): 
 
Campbell GM and Webb C (2001) “On predicNng roller milling performance. I. The Breakage EquaNon.” 

Powder Technology 115(3), 234-242. 
Campbell GM, Bunn PJ, Webb C and Hook SCW (2001) “On predicNng roller milling performance. II. The 

Breakage FuncNon.” Powder Technology 115(3), 243-255. 
Bunn PJ, Campbell GM, Fang C and Hook SCW (2001) “On predicNng roller milling performance. III. The 

parNcle size distribuNon from roller milling of various wheats using fluted rolls.” Proceedings of 
the 6th World Chemical Engineering Congress, University of Melbourne, Australia. 

Fang C and Campbell GM (2002) “Stress-strain analysis and visual observaNon of wheat kernel breakage 
during roller milling using fluted rolls.” Cereal Chemistry 79(4):511-517. 

Fang C and Campbell GM (2002) “Effect of roll fluNng disposiNon and roll gap on the breakage of wheat 
kernels during first break roller milling.” Cereal Chemistry 79(4):518-522. 

Fang C and Campbell GM (2003) “On predicNng roller milling performance IV: Effect of roll disposiNon 
on the parNcle size distribuNon from first break milling of wheat.” Journal of Cereal Science 37(1), 
21-29. 

Fang C and Campbell GM (2003) “On predicNng roller milling performance V: Effect of moisture content 
on the parNcle size distribuNon from first break milling of wheat.” Journal of Cereal Science 37(1), 
31-41. 

Campbell GM, Fang C-Y and Muhamad II (2007) “On predicNng roller milling performance VI. Effect of 
kernel hardness and shape on the parNcle size distribuNon from First Break milling of wheat.” 
Food and Bioproducts Processing 85, 7-23. 

Campbell GM (2007) “Roller Milling of Wheat” Pages 383-419, Chapter 7, in Handbook of ParAcle 
Breakage, Salman AD, Ghadiri M and Hounslow MJ (Eds), Elsevier, Oxford, UK. 

Campbell GM, Sharp C, Wall K, Mateos-Salvador F, Gubatz S, Hubly A and Shewry P (2012) “Modelling 
wheat breakage during roller milling using the Double Normalised Kumaraswamy Breakage 
FuncNon: Effects of kernel shape and hardness.” Journal of Cereal Science 55(3), 415-425. 

Mateos-Salvador F, Sadhukhan J and Campbell GM (2013) “Extending the Normalised Kumaraswamy 
Breakage FuncNon for roller milling of wheat flour stocks to Second Break.” Powder Technology 
237, 107-116. 

Fuh KF, Coate JM and Campbell GM (2014) “Effects of roll gap, kernel shape and moisture on wheat 
breakage modelled using the Double Normalised Kumaraswamy Breakage FuncNon.” Cereal 
Chemistry 91, 8-17. 

Galindez-Najera SP and Campbell GM (2014) “Modelling First Break milling of debranned wheat using 
the Double Normalised Kumaraswamy Breakage FuncNon.” Cereal Chemistry 91(6), 533-541. 

Galindez-Najera SP, Choomjaihan P, Barron C, Lullien-Pellerin V and Campbell GM (2016) “A 
composiNonal breakage equaNon for wheat milling.” Journal of Food Engineering 182, 46-64. 


