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Andrzej TOMPOROWSKI

Stream of efficiency of rice grains multi-disc grinding
Strumień wydajności wielotarczowego
rozdrabniania ziaren ryżu*
A search for design solutions for grain grinding devices offering energy-saving production processes justify the research
into the improvement of the theory and the design of grinders. The efficiency, functionality and performance of the rice
grains grinding are significantly influenced by processes, difficult to describe, occurring within the working space of the
grinder. Although there are some studies on the principles of the functionality and analysis of multi-disc grinders, an attempt has not been made so far at describing the influence of features and behaviour of ground material on efficiency,
performance and usefulness of the biomaterial comminution/grinding process. The basis for the improvement of the functionality of a grinding device is an analysis of the potential of existing solutions and a determination of the scope of effective design features of the working unit within the permissible area. The criteria may be fulfilled by objective-oriented
control of the design features of the multi-disc unit. In order for these actions to be effective, relevant relationships need
to be explored and a mathematical description needs to be developed for the flow of ground grains through the working
space of a multi-disc grinder, as a result variable of the structure and the operation of a working unit.
Keywords: grinding, biomaterials, efficiency.
Poszukiwania rozwiązań konstrukcyjnych zespołów rozdrabniających ziarna zbóż, prowadzące do energooszczędnych
procesów produkcyjnych uzasadniają podjęcie badań nad doskonaleniem teorii i konstrukcji rozdrabniaczy. Istotny wpływ
na wydajność, funkcjonalność i sprawność procesu rozdrabniania ziarna ryżu mają trudne do opisania zjawiska zachodzące w przestrzeni roboczej rozdrabniacza. Pomimo, że dostępne są opracowania na temat podstaw funkcjonalności i
badań rozdrabniaczy wielotarczowych, jak dotychczas nie podejmowano próby opisu wpływu cech i zachowań rozdrabnianego materiału na wydajność, sprawność i użyteczność procesu rozdrabniania biomateriałów.Podstawą do poprawy
funkcjonalności działania maszyny rozdrabniającej jest przeprowadzone rozpoznanie możliwości istniejących rozwiązań
oraz określenie zakresu, skutecznych w przetwórstwie, cech konstrukcyjnych zespołu roboczego z obszaru dopuszczalnego. Spełnienie kryteriów może być osiągnięte między innymi na drodze celowego sterowania cechami konstrukcyjnymi
zespołu wielotarczowego. Aby jednak działania te przyniosły planowane korzyści, konieczne staje się poznanie zależności
oraz opracowanie opisu matematycznego przepływu rozdrabnianego ziarna przez przestrzeń roboczą rozdrabniacza wielotarczowego, jako zmiennej wynikowej konstrukcji i działania zespołu roboczego.
Słowa kluczowe: rozdrabnianie, biomateriały, wydajność.

1. Introduction
An innovative approach to the design studies is based on developing operational objectives, means or techniques that have
not yet been integrated into the practice and not to mention into
the engineering knowledge. The verification procedures may
relate to such problems of the grinding process as dynamics of
changes in the initial length of grains, transport of the ground
material (grains of various lengths) with a simultaneous quasicutting between subsequent discs, a stream of particles leaving
the machine with a specific intensity and under specific conditions. Consequently, the knowledge on the grinder design, as a
practical and empirical field of science, focuses on not only the
current situation but also on the future potential that is currently
only conceptual [1, 2, 3, 5].
Purpose of the study: The main purpose of the study is
to determine factors, design features, functional features and

their influence on the dynamics and efficiency of grain biomaterial (long grain rice) grinding. The analysis carries out with
a multi-disc grinder constructed according to a patent held by
the University of Technology and Life Sciences in Bydgoszcz
[4]. Additional aim of the work was to describe the complexity
of the phenomena, process and relationships of the multi-disc
grinding.

2. Rice grains comminution model
For the purpose of volumetric efficiency tests, long grains
rice of stabilized humidity parameters and standardized grain
size were used as the feed material. Therefore, an assumption
was made that for the purpose of this study an output model of
the feed material (grains) is the ground substance of even size
and repeatable constant dimensions of a single grain.

(*) Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl
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It is assumed that in the holes of grinding discs, rice grains
take the position along their longer axis, perpendicularly to the
intra-disc cutting (shearing) plane.

The orientation of the ground medium ρ nm within the op-

erating space of the multi-disc multi-hole grinder is described
by the probability distribution of the grain length. Because the
material in the holes of the same disc is subjected to the same
cutting process in all holes, the indexed state is the number of a
disc (n) and the number of a cut (m):

ρ nm : ( 0, lmax ] → [0,1] ,

lmax

∫0

ρ nm dl = 1.

(1)

Dislocation of the material to the next disc involves passing
through the cutting process stage, n ≤ m. The initial state of
the material, in hole of the first disc (all grains are intact) be-

0
fore the first cut equals ρ0 and constitutes an input state of the
material that will be described with a certain function focused
on lmax value.
An input state of the material during the grinding process is
changed due to two factors, mechanisms (fig.1): grinding (quasi-cutting) and removal of grains of the desirable or smaller size
from the intra-disc spaces of the grinding unit of the device.

moves from a hole of the previous disc to a hole of the
next disc without being sheared along the whole length
of the device. Because some of the material is removed
to the space between discs, the volume of holes in the
next disc should always be smaller than in the previous disc (this is achieved through a smaller section of a
hole or smaller thickness of a disc, however, there are
some design limitations related to stresses that a disc
must carry). Thickness (h) of disc n, for the purpose of
calculations with be represented by yn,, whereas will
represent the height to which the material fills a hole of
disc n before k cut.
2. Each point of the section of the next hole should, at a
certain moment of the relative motion of the disc, be located within the section of a hole of the previous disc.
3. When a cut is made, a hole in the next disc is closed for
transfer to the following disc (there are not arising socalled opening corridors).

Fig. 2. Sectional area and effective grinding surface for two grinding
discs between edges of the grinding holes [2], FR –intra-hole
surface area of cut (for example: F1, F2)

Fig.1. Technique (method and design means) of disc arrangement in the
grinder for quasi–cutting of the grain material [2]; 1-previous
disc, 2-next disc, 3-input state of the material, 4-next state of
the material, di – hole diameter, t01, t02, trl – scale, h1, h2 – disc
thickness, s – gap, V1, V2 – linear velocity

3. Grinding process
When holes of the two adjacent discs meet (fig.2) and their
combined section begins to increase (0, max), the next hole is
filled with a part of ground material from the previous hole.
In order for the cutting process to be efficient and effective, a
hole in the previous disc must be completely filled when the
combined section of the holes begins to decrease (max, 0).. The
three conditions must be fulfilled:
1. The quantity of the material in the previous hole must
be always greater than the space available in the next
hole. Otherwise, we can imagine that the material

The fill of a hole in a layer changes as follows (fig.3):
The analysis shows that k cut after n−1 disc occurs earlier
than k cut after disc n. With such numbering of cuts, quasi-cuts
(for each disc the numbers begins from the first cut), grains
may, at each boundary of individual discs, be subjected to cutting identified with the same number.
When a hole is filled, the shared part of the cross-section of
the holes begins to diminish – cutting (quasi-cutting) process.
According to the initial assumption, each grain within the section of grinding holes is subjected to the cutting process. The
orientation of grains in relation to the plane on which the cutting
process takes place is random with even distribution. Grains of
each length will be disintegrated (ground) with equal probability into two smaller particles, with the total length equal to the
length (size) before cutting.
Cutting (to be precise quasi-cutting) always occurs in the
material that before the complete filling was in the previous
disc. The distribution of grain length, when the grain is cut, in
the material that fills the empty space of disc changes according
to the following relationship:
(2)
 m

x
1
lmax m
ρ nm+1 ( x ) = An,m ρ nm = 1 −
ρ x +
∫ ρn ( l ) dl ,
m  n ( )

yn+1 − y n+1 
yn+1 − y nm+1 x


while in the material that remains in disc n:

x 
1 l
ρ nm+1 ( x ) = B n,m ρ nm = 1 − m  ρ nm ( x ) + m ∫ max ρ n ( l ) dl , (3)
x




y
y
n
n 
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The functions obtained are non-negative being a sum of
two non-negative components. When integration is performed
from 0 to l, it may be easily established that those are the probability distributions:
(4)
lmax
0

∫

ρ nm+1 ( x ) dx = 1 −

x
1
1− m + m
y n y n

lmax
0

∫

x
1
+
y nm y nm

lmax lmax
x
0

∫

∫

ρ n ( l ) dldx = 1 −

1
x
+
y nm y nm

lmax x
ρ
0
0 n

∫

∫

( l ) dxdl =

x ρ n ( l ) dx = 1

is:

erage of ρ nk+1 and ρ nk :

(

= yn − yn+1 +

(5)

lmax
lmin

ρ nm+1 ( x )

)

−1

x〉 lmax
(6)
x〈lmin

0

y nk+1

)

lmin 

Bn,m ρ nm ( x ) xdx 
1 − ∫0

lmax 


m
B
x
xd
ρ
x
(
)
n ,m n
 ∫0


(7)

In order to obtain the distribution in the whole space of the
hole before cut m+1 (after re-fill), the following weighted average must be used:

ρ nm+1 ( x ) =

y nm+1 m−1 yn − y nm+1
ρ n+1 +
An,m ρ nm ( x )
yn+1
yn+1

(∫

Level of material after cut m (before cut m+1) in gap n,

y nm+1

m
and similarly for distribution ρ n+1 . Therefore, operators
An,m and B n,m are correctly defined stochastic operators.
To simplify the analysis, an assumption was made that after
the cutting is completed, the distribution of grain length in disc
n+1 is homogeneous (the cut fraction and the fraction situated
in the hole before the cut mix), and therefore it is weighted av-

ρ nm+1 ( x ) =

 ρ m+1 x
( )

ρ nm+1 ( x ) = Bn,m ρ n,m =  n


yn − y nm+1
y m+1
An−1,m ρ nm−1 + n Bn,m ρ nm
yn
yn

(8)

Operator is no longer a linear operator as , because it depends on the level of the material that remains in disc n after
cut m: , and is a function of the probability distribution in the
material (that determines the quantity of material removed from
the machine during the cutting process) [6]. For to be treated
as linear operators, values of must be treated, at each stage of
the procedure, as pre-determined and iterative – corresponding
to the results of studies and experiments.

5. Flow of particles leaving the machine
At cut m, the flow of particles leaving the machine through
a gap between disc n and n+1 is described with the probability
distribution:
 lmax ρ l dl

n( )
m
sn ( x ) =  ∫x


(∫

lmin lmax
x
0

∫

0,

ρ n ( l ) dldx

)

−1

l 〈lmin
(9)
l 〉 lmin

and its volume equals:

(

V = yn − yn+1 +
Fig. 3. Diagram showing transport of the material subjected to the
grinding process with quasi-cutting between the discs; where
indicates a cutting phase

l

y nk+1

min 
B ρ m ( x ) xdx
) ∫0lmax Bn,m ρ nm ( x ) xdx
∫0 n,m n

(10)

6. Changes of length distribution in discs
The grain length distribution of disc n after cut m is de-

4. Removal process
After the grain is cut, two layers of the material move with
respect to one another in the direction of movement of two adjacent discs and gradient of their mutual velocities. Particles of
the material are removed from the previous hole (they are subjected to component of force, gravitational force perpendicular
to the intra-disc gap), whereas they are not removed from the
next hole (because the direction of perpendicular component of
gravitational force is away from the gap).
After the cutting, the length distribution is as follows:
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m
m
m
scribed with ρ n . Operators used for distribution ρ n in ρ n+1

m+1
and in ρ n
are identified accordingly as An,m and Bn,m .
Changes of distributions are shown in the efficiency diagram,
fig.4.
0
State ρ0 is known (distribution of grain length for the input

m
material). State ρ n was obtained from operation of the sum of

0
products of operators A and B for state ρ0 . The products repre0
sent all paths to that state from state ρ0 . For example:
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In general, operators A and B do not commutate. It is es-

sential for further analysis to calculate such expressions.
States ρ are positive elements of Banach space1 L (0, 1),

↘

↘

ρ12

m
 .
n

↘

↘

ρ11

of such subsets, i.e. the number of products in the sum equals

ρ00

ρ 23

⋮

B0,0

→
B1,3

→
B2,3

→

⋯
⋯
⋯
⋱

Fig. 4. Efficiency-based diagram of grain length distributions – products of quasi-cutting, for specific discs

ρ 23 = ( A1,2 A0,1B0,0 + A1,2 B11, A0,0 + B2,2 A11, A0.0 ) ρ00 (11)
ρm
State n is obtained by application of A operator n times1
and B operator m times . The path is unambiguously determined
by n-element subset of a set of steps within the complete path
{1, . . . ,m}, steps within which A operator operates. The number
1) to be more precise, weighted average values of the result of operation of that
operator

and operators A and B are endomorphisms of that space. For
practical reasons, approximate states ρ with positive elements
Rd and operators A and B with matrixes d×I. Physically, it corresponds to the division of a l long particle into d undividable
parts, l/d long – the length corresponding to the linear measure
of grinding.

7. Energy flow
With an assumption that stresses will propagate at infinite
rate, when closing of the shared area of two holes begins, material condensates evenly in each grain until a limit condensation
is exceeded and a grain breaks. Then, layers move with respect
to one another with the friction force constant for a unit of adjacent surfaces of two layers. Apart from that, there is also some
friction of the material against surfaces of the discs where there
are no holes in the next disc.

8. Conclusions
Phenomena, processes and relations of the multi-disc grinding, despite their complexity, are relatively easy to describe formally. Determination of process factors (actions and methods),
design features (means, devices and systems), operational conditions and their influence on the dynamics and efficiency of
the rice grinding process, with a multi-disc grinder used as an
example, was possible, with an assumption that quasi-cutting
stresses will propagate at an infinite rate, in relation to:
-- probability distribution of grain length,
-- probability distribution of particles in a stream leaving the
machine through a gap between discs.
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