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Abstract: This article presents the device and the principle of operation of forage grain crushers that
use the centrifugal force of inertia to supply the working bodies—which occurs as a result of rotation
of the rotor with a vertical axis. The results of some tests of machines working on this principle
have been characterized. Attention is drawn to the disadvantages of most research works, namely
the lack of premises for creating shredders of this class with a wide range of performance. The
aim of this work is to establish the relationship between the design and technological parameters
for the operation of a centrifugal-rotary shredder using the theory of similarity and a dimensional
analysis. Moreover, the experimental data show an empirical relationship when calculating the
efficiency for the shredder model considered above. By applying the similarity criteria, dimensionless
complexes were obtained, which allow to determine the significance of the parameters selected at
the initial stage for the efficiency of the shredder. The novelty of this research is the application of
the theory of similarity and the use of dimensional analysis, which allowed for scaling the results
of the experimental data and obtaining a centrifugal-rotary shredder with higher efficiency, while
maintaining the quality of the obtained product. This technique indicates the energy costs of the
grinding process, which can be used to select the ratio of parameters in the shredder that would
ensure that a minimum amount of energy is consumed.

Keywords: grain; hammer mill; shredder; disintegrator

1. Introduction

At least 50% of all grain produced in the world is used for the production of feed for
farm animals. At the same time, the main goal is to obtain combined feeds. For example,
their composition may consist of (30 ÷ 80)% of cereals and legumes or their derivatives
obtained as a result of various processing (mechanical, thermal, pressure, etc.) [1–3].

The most popular and widely used component for combined feeds (mixtures) is the
use of concentrated feeds obtained as a result of mechanical processing-grinding, which is
primarily due to the simplicity and accessibility of this method. Moreover, in comparison
with whole grain, subjecting grain to mechanical or thermal action increases its efficiency
by up to (10 ÷ 20)% [1,2,4].
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Sergeev [4] obtained analytical dependences for calculating the performance of a
centrifugal-rotary chopper, the required power, the number of cutting elements and radial
channels on the ring protrusions (rows) of working bodies, depending on their design
parameters and physical and mechanical properties of the material being crushed, allowing
to develop choppers of various modifications. At the same time, in the proposed design of a
centrifugal-rotary shredder, the optimal number of cutting elements on the first Z1 = 20 and
second Z2 = 30 grinding pairs of ring protrusions of working bodies is justified, allowing
to obtain a high-quality finished product with a dust-like fraction not exceeding 5%, which
is 5 ÷ 6 times less than after grinding on hammer crushers. It has been established
that two adjacent pairs of ring protrusions of working bodies are sufficient to obtain the
zootechnically required quality of milling of feed grain and rapeseed; the rational cutting
speed (chipping) of grain in a centrifugal-rotary chopper v = (22 ÷ 46) m/s.

In the work of Pushkareva [5], the technological process of grain destruction using
working bodies with curved cutting elements in a centrifugal-rotary chopper is considered.
Thus, it is theoretically and experimentally established that when moving along the walls
of the through slots of the working bodies of the shredder, the grain is oriented with a long
axis to the direction of exit. Due to this, it is cut into segments of a given size, which are
deployed by the cut surface to the cutting plane at the second stage. Grinding of grains
and their segments occurs mainly by the smallest cross-section. The rational use of cutting
elements in the form of a cycloid with a forming circle of 4.81 mm is confirmed.

Druzhinin [6] claims that impact centrifugal shredders of feed grain are a new type of
shredding equipment. They have a low specific energy consumption and a lower metal
content than hammer crushers. Their introduction into production is hindered by the
lack of methods for engineering calculation and design of these structures. He developed
a mathematical model of the grain grinding process that allows you to determine the
speed of grain movement along the vertical surface of the loading chamber of the shredder
and the base of the knife tooth, which largely depends on the angular speed of the disks
and the amount of movement of the grain. The analytical dependence of the shredder
performance is also established, taking into account its design and operating parameters:
the diameter of the receiving chamber, the speed of rotation of the disks, the length of the
knife, their number and thickness, as well as the degree of filling of the inter-disk space
and the properties of the crushed material.

Fomin [7] theoretically and experimentally established that by differentiating the
cutting angle (grinding) of the material in accordance with the change in the coefficient of
friction on the working bodies of the shredder during processing, it is possible to reduce
the energy intensity of the process and improve the quality (reduce the amount of over-
ground fraction) of the finished product. Fomin found that when moving the grain in a
channel using a small-sized centrifugal-rotary-grinder, after the first ring, it is mostly cut
into segments with a height of (1 ÷ 2) mm, which are cut at the surface of the plane of
the working body. Moreover, the cut (shear) segment of the weevil on the second and
subsequent stages of crushing occurs primarily on the surface of pre-cut working bodies
of the previous stage. A system of equations describing the translational and rotational
motion of the crushed grain in the channel of the second and subsequent stages of the
centrifugal-rotary shredder was also proposed.

The analysis of research works on centrifugal-rotary type grinders with a vertical axis
of rotation has established that most of these works are aimed at achieving the goal of
reducing the specific energy intensity of the process of grinding feed grain and increasing
the uniformity of the granulometric composition of the finished product by improving the
design and working bodies.

Thus, the problem of creating a size range of machines (shredders of the centrifugal-
rotary type) for farms with different needs for the productivity of machines for the pro-
duction of concentrated feed remains [8–15]. This is due to the fact that simple scaling of
existing working samples of shredders that provide low specific energy consumption and
high quality of the resulting feed usually leads to an increase in the cost of construction
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and reduced performance. Thus, to preserve the results achieved, a new study with new
samples is required. One of the methods for solving this problem is the application of the
theory of physical similarity and dimensionality [10–13].

In agriculture, from a research point of view, there is increasingly more interest in cen-
trifugal grain grinders. The principle of operation is to supply the crushed grain material to
the working bodies with the help of inertia forces and then grind it, see Equations (1) and (2):

Qi = f
(
ωe; Pi; Ri; tpe3

)
, (1)

Qc = f (ωe; Pc; Rc; δc), (2)

This makes it possible to obtain lower energy costs in comparison with the widely
distributed hammer crushers (Figure 1), which, in addition to the direct costs of destroying
the grain, have energy costs for moving whole and crushed grain by means of air. In
centrifugal or centrifugal-rotor grinders (Figure 2), the material is fed to the working bodies
mainly due to the centrifugal force of inertia created by sliding the grain material along the
rotating surface of the rotor with a vertically located axis of rotation and the parts installed
on it that accelerate the crushed material and disintegrator (shock-centrifugal shredder)
with intermediate separation in a centrifugal field (Figure 3).
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Figure 1. Grain hammer mill (own study): (a) section—view: 1—hammer, 2—sieve, 3—corpus,
4—deck, 5—rotor, 6—loading, 7—crushed raw materials; (b) housing—view.
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Figure 2. Grain shredder of centrifugal-rotary type with a knife working body (own study based
on [4–6]): 1—housing; 2—lower disk-rotor; 3—ring of the first degree of grinding; 4—second-degree
grinding ring; 5—cover; 6—receiving chamber.
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Figure 3. Disintegrator (shock-centrifugal shredder) with intermediate separation in a centrifugal
field (own study based on [7]): 1—housing; 2—loading funnel; 3—exit hole; 4—the upper disc;
5—counter rotating disk; 6—flat element of the I-th row; 7—percussive elements of the intermediate
row; 8—flat shock elements of the last row; 9—ring; 10—set of knives of the i-th row; 11—upper
shaft; 12—lower shaft; 13—casing; 14—cone; 15—ower disk.

The theory of similarity and dimensional analysis are applied. The experiment was
carried out in order to obtain the actual values of dimensionless coefficients and exponents
in the derived empirical dependence applicable to the considered design of the rotary
centrifugal grinder.

The aim of the presented research is to establish the relationship between the com-
pleted design and the technological parameters of the centrifugal-rotary work with the use
of the theory of similarity and dimensional analysis. Moreover, after obtaining the empiri-
cal relationship, the efficiency for the presented model of the grinder will be calculated.
This is to obtain a shredder with higher efficiency while maintaining the quality of the
product obtained.

2. Materials and Methods

Any experimental study, even of machines as simple in design and operation as a
hammer mill and a centrifugal shredder, requires a large and labor-intensive effort from the
experimental researcher to implement the methods of single- and multi-factor experiments.
Therefore, to reduce the volume of work performed without reducing its quality, the theory
of physical similarity and dimension analysis will be widely introduced into research work.

This analysis allows you to solve problems of generalizing the results of experiments,
to select universal coordinates when solving problems of numerical or analytical experi-
ment, while it is also one of the main methods for reducing the number of factors under
study when planning an experiment [10–12].

The analysis is based on the doctrine of similar processes (phenomena) in nature and
technology. Similar processes occur under similar geometric and temporal conditions,
have the same physical nature, and are described by the same equations in form and
substance. Their mathematical models are similar to real processes and objects (more
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precisely, the models of their state or functioning), which are a system of mathematical
relations describing the relationships between parameters, or functional dependencies
between them under specified conditions, which determine the values of these parameters
as a result of calculation [10–12].

The foundations of the modern similarity theory and dimension analysis are laid out
by the lots of works of Rayleigh, Buckingham, and Bridgman, in which it is essential to
establish a connection between the maximum possible number of dimensionless complexes
and the number of dimensional quantities from which they are composed—the π theorems:

Let there exista physical law, expressed in the form based on some dimension,
generally speaking, the values of the dimensional governing parameters the same.
This dependence can be represented as a dependence of a dimensionless quantity
on dimensionless combinations of defining parameters. The number of these
dimensionless combinations is less than the total number of dimensional defining
parameters by the number of defining parameters with independent dimension.

Replacing a real physical system with a model that is based on so-called similarity
laws allows you to transfer data obtained from the model to the original physical system.
It is clear that no model can fully correspond to the described object, and the task of the
researcher is to choose a reasonable compromise between the accuracy of the model, for
which it has to be complicated, and the simplicity of calculating the desired parameters or
functions. With the advent of computers, it became possible to significantly complicate
the models used and obtain fairly reliable results, thereby replacing a physical experiment
on a machine or stand with a mathematical one. Of course, computational research using
mathematical models can never completely replace experimental research of real objects.
These studies remain necessary for selective assessment of the accuracy of mathematical
models, for obtaining or refining the initial parameters, as well as the empirical and
semi-empirical dependencies laid in them [10–12].

2.1. Experimental Stand

As an example, let us consider a centrifugal-rotary shredder of feed grain [14–18] with
a knife working body (Figure 4a). The device for crushing bulk materials consists of a fixed
housing (1) with loading (2) and output (3) pipes. Inside the case, two rotating adjacent
disks are installed coaxially: the upper (4) and lower (5). On the working surface of the
lower disc (5), annular projections are made (6), and the working surface of the upper disk
(4) is installed, i.e., the blades (7) (Figure 4b), which have a diamond shape with small
sharpening angles and relatively large diagonals. Moreover, the outer row of knives (8)
forms a separation surface; the angle changes, which allows to steplessly adjust the degree
of grinding material. The lower disk (5) has radial through grooves (9), made at an angle in
the direction opposite to the direction of rotation of this disk (Figure 4c). The lower disk (5)
is mounted on the flange of the drive shaft (10) and is rotated by means of a pulley (11)
that is mounted on top of it. The upper disk (4) is rigidly attached to the fixed body (1). In
the upper part of the fixed housing, a receiving chamber (12) is installed, which is formed
by vertical walls. The receiving chamber (12) in the upper part is connected to the loading
pipe (2) and is connected by means of the radial windows (13) to the working chamber (14),
which is the space between disks 4 and 5.

The chopper is as follows: the sample is exposed to the first cutting pair, moves under
the action of centrifugal force through the grooves to the next pairs, and then reaches the
outer row of blades (8), which form the separating surface, and is held in the gap between
the blades (8) and is influenced by the air flow created by the rotating bottom disk (5) out
of the housing (1) through the outlet (3).
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chamber, rings with countersinks (b) and a lower disk with knives (c) (own study).

2.2. Scope and Research Mehodology

This work is aimed at establishing the relationship between the design and technolog-
ical parameters for the performance of a centrifugal-rotary chopper using similarity theory
and dimension analysis. Additionally, with the results of experimental data, we can get an
empirical dependence to calculate the performance for the above model of the shredder.

3. Results and Discussion

Having information about the influence of various factors on the operation of the
centrifugal-rotary shredder [1–7,9,14–17,19–23], we consider them as a set of criteria that
affect the performance during the grinding and separation process. In this case, the
performance during the grinding process will be considered at each degree of grinding
separately, see Equations (1) and (2).

A number of parameters were not considered because of their occurrence in view of
the parameters of Equations (1) and (2). This includes in our case the number and width of
knives, as they are included in the formula to calculate the time (period) of the cutting at
an appropriate degree of decomposition, see Equation (3). Additionally, given the fact that
the blades forming the separating surface is set with overlap, the time separation tc, the
number of knives installed on the stage of separation nc, the installation angle α of blades
and their width Bc were discarded because they define the gap between the blades δc.

ti.pe3 = ti.o − ti.xx =
2πRi − Bini

ωeRi
, (3)

Since the number of physical parameters for the grinding stage Ni and separation
Nc is five, and the number of units with independent or primary dimensions is three, i.e.,
mass, kg; length, m; and time, s, their difference is greater than one. Thus, the procedure
for finding similarity criteria leads to multi-valued results.
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The desired values can be represented as in Equations (4) and (5):

Qi = Ci·ωe
x1 ·Pi

x2 ·Ri
x3 ·ti.pe3

x4 (4)

Qc = Cc·ωe
x5 ·Pc

x6 ·Rc
x7 ·δc

x8 (5)

Substitute the dimensions of the corresponding quantities in Equations (6) and (7):(
kg
s

)
= Ci·

(
s−1
)x1 ·

(
kg
s

)x2

·mx3 ·(s)x4 . (6)

(
kg
s

)
= Cc·

(
s−1
)x5 ·

(
kg
s

)x6

·(m)x7 ·(m)x8 . (7)

From the similarity theory and dimension analysis, it follows that the left and right
sides of Equations (6) and (7) must have the same dimension. By summing the exponents
for the same units of measurement, we get Equations (8) and (9):

[kg] :
[m] :
[s] :


1 = x2,
0 = x3,

−1 = −x1 − x2 + x4.
(8)

[kg] :
[m] :
[s] :


1 = x6,

0 = x7 + x8,
−1 = −x5 − x6.

(9)

The solution of the obtained system of algebraic equations gives the values and
dependencies between exponents xj shown in Equations (10) and (11):

x2 = 1, x1 = x4 , x3 = 0. (10)

x6 = 1, x7 = −x8 , x5 = 0. (11)

Substituting the obtained exponents of degrees in Equations (10) and (11) in Equa-
tions (6) and (7), we obtain Equations (12) and (13):

Qi = Ci·ωe
x1 ·Pi

1·Ri
0·ti.pe3

x1 . (12)

Qc = Cc·ωe
x5 ·Pc

x6 ·Rc
x7 ·δc

x8 (13)

Let us rewrite these equations and present them in the form of Equations (14) and (15):

Qi
Pi

= Ci·
(
ωeti.pe3

)x1 · (14)

The dimensionless complexes included in Equations (14) and (15) represent the re-
quired similarity criteria:

− Dimensionless ratio that characterizes the ratio of the output to the incoming grain
material for grinding, Equation (14a):

Qi/Pi = ηi (14a)

− Dimensionless criterion that determines the angle at which the grain material moves
non-stop at the selected knife installation radius, Equation (14b):

ωeti.pe3 = ϕi (14b)

Qc

Pc
= Cc·

(
δc

Rc

)x8

(15)
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− Dimensionless ratio describing the ratio of the output to the separation of the crushed
grain material, Equation (15a):

Qc/Pc = ηc (15a)

− Dimensionless geometric criterion, Equation (15b):

δc/Rc = R (15b)

The expressions that characterize the grinding and separation in the considered
centrifugal-rotary shredder of feed grain can be written as in Equations (16) and (17):

ηi = Ci·ϕi
ai . (16)

ηc = Cc·R
b. (17)

The values of constant coefficients Ci and Cc, as well as indicators of degrees ai and
b, are determined by the results of an experimental study of the grinding and separation
process. However, obtaining these data will require quite “voluminous” experimental
studies. Therefore, applying the Formulas (14) and (13) to the considered design of a
centrifugal-rotary feed grain shredder, we obtain Equation (18):

Qc = C·C1·C2·P1·
(
ωe·t2.pe3

)x9 ·
(
ωe·t1.pe3

)x1 ·(δc/Rc)
x8 (18)

Substituting Equation (3) in Equation (18), we get:

Qc = C0·P1·
(

2πR2 − B2n2

R2

)x9

·
(

2πR1 − B1n1

R1

)x1

·
(

δc

R c

)x8

(19)

or Equation (20):

η = C0·ϕ2
a2 ·ϕ1

a1 ·Rb. (20)

where C0 = C·C1·C2 is the final dimensionless coefficient.
To calculate the values of the constant coefficient C0 and the exponents x1, x8 and x9

in Equation (19), we will use the results when implementing the planning methodology for
a multi-factor experiment [21,22]. Thus, during the experimental work, the second-order
Box-Benkin composite plan was used for four factors: the rotation frequency N, the feed
of grain material P, the gap of the separating surface δ, and the number of knives at the
second stage of grinding n2. The number of knives at the first stage of grinding (n1 = 3),
knife mounting diameters (D1 = 0.085 m, D2 = 0.105 m, D3 = 0.129 m), and knife width
(B = 0.056 m) were taken based on the results of our previous preliminary studies [13–16]
and the published results of other researchers [4–9,19]. The matrix of the plan with the
results of the experiment is shown in Table 1.

The experiment results were processed using the Statgraphics software package. After
excluding ineffective factors and their interactions, adjusted ANOVA [24] variance analysis
data were obtained—see Table 2.

To analyze the influence of variable factors on the performance of the centrifugal-
rotary chopper, the design under consideration, we have constructed graphs of the response
surfaces, one of which is shown in Figure 5.

To calculate the values of the constant coefficient C0 and the exponents x1, x8 and x9
in Equation (19), we will compose and solve a system of equations consisting of data from
Table 1 [10,11].



Energies 2021, 14, 4501 9 of 12

Table 1. Variable values of parameters and productivity of the centrifugal-rotary feed grain shredder.

No. p,
kg/s

ω,
min−1

δc,
mm

n2,
pcs

Q,
kg/min

1 0.038167 900 2.5 12 0.0362
2 0.022667 1200 2.5 12 0.014783
3 0.038167 900 2.5 12 0.0362
4 0.038167 1200 2.5 18 0.022917
5 0.022667 900 1.6 12 0.015133
6 0.038167 1200 2.5 9 0.013367
7 0.0505 900 2.5 18 0.0272
8 0.038167 900 1.6 9 0.03635
9 0.022667 900 2.5 18 0.015

10 0.038167 1200 1.6 12 0.024
11 0.038167 900 3.2 9 0.028317
12 0.038167 600 3.2 12 0.02595
13 0.038167 900 2.5 12 0.0362
14 0.038167 600 2.5 18 0.019233
15 0.022667 600 2.5 12 0.01145
16 0.0505 900 3.2 12 0.05095
17 0.0505 1200 2.5 12 0.015183
18 0.038167 900 3.2 18 0.020133
19 0.0505 900 1.6 12 0.025667
20 0.0505 600 2.5 12 0.014167
21 0.038167 600 1.6 12 0.0211
22 0.0505 900 2.5 9 0.02725
23 0.038167 600 3.2 12 0.0288
24 0.038167 600 2.5 9 0.0204
25 0.022667 900 3.2 12 0.014333
26 0.038167 900 1.6 18 0.01685
27 0.022667 900 2.5 9 0.014133

Table 2. ANOVA variance analysis Data.

Transformation Model d.f. p-Value Error d.f. Stnd.
Error R-Squared Adj.

R-Squared

5 0.0001 21 0.3642 67.43 59.68
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The resulting system was solved numerically using Matcad Prime engineering mathe-
matical software with an initial approximation, see Equation (21a,b):

C0 = x1 = x8 = x9 = 0 (21a)
C0 = 2062

x1 = 3.85·10−9 ∼ 0
x8 = 0.612
x9 = 0.317

, (21b)

By substituting Equation (21a,b) in Equation (19), we finally get Equation (22):

Qc = 2.062·P1·
(

2πR2 − B2n2

R2

)0.317
·
(

δc

R c

)0.612
(22)

The relative error of the calculated data from the experimental data varied from 10−9

to 10−5%, except for the second row in Table 2, where the error was 45%. This is due to
the measurement error in obtaining experimental data and is confirmed by the data of
dispersion analysis—see Table 1.

The article describes the device and the principle of operation of forage grain crushers
that use the centrifugal force of inertia to supply the working bodies, which is formed as
a result of the rotation of the rotor with a vertical axis. The drawback of most research
projects is that there are no reasons to create shredders of this class with a wide range of
performance [25]. An example of a construction is given and the principle of operation
of a grinding machine with a centrifugal impeller is described. Based on the analysis of
the presented construction of the grinder, mathematical modeling was carried out in order
to obtain the dependence of the impact of constructional and technological parameters
on productivity. Dimensionless coefficients of the derived empirical regularity have been
established experimentally.

4. Conclusions

(1) The use of similarity theory and dimension analysis allowed us to obtain an empirical
dependence for calculating the performance of a centrifugal-rotary grain shredder of
the considered design. Thus, this method makes it possible to solve the problem of
establishing the relationship between different parameters with a minimum amount
of experimental work with sufficient confidence. Therefore, at the next stage of our
research work, we should consider a more complex problem—the relationship of
energy costs in a centrifugal-rotor type chopper with a knife working body. Thus, in
this case, the shape and sharpness of the blade of knives and counter-cuts, the size of
the grain material coming to the grinding, its radial and circumferential speed, the
degree of grinding, the angle of installation of knives, and other parameters will be of
great importance to those already considered earlier (1);

(2) Using similarity criteria, dimensionless complexes were obtained that allow us to
determine the importance of the parameters selected at the initial stage on the perfor-
mance of the shredder;

(3) The use of similarity theory and dimension analysis will allow you to scale the
results of experimental data and get a centrifugal-rotary type chopper with greater
productivity while maintaining the quality of the resulting product. Moreover, this
technique can be used to determine the energy costs of the grinding process, which can
used to choose the ratio of parameters in the shredder that would ensure a minimum
amount of energy is consumed.

(4) The chopper can also be used to prepare biomass by shredding the residues [26]. In
that way, prepared substrate can be used in the methane fermentation process, which
improves the efficiency of the process.
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Symbols

Bi half the width of the knife m
Ci, Cc constant dimensionless coefficients
Pc the flow of the grain material for the separation kg·s−1

Pi feed of grain material to the i-stage of grinding kg·s−1

P1 feed of grain material to the first stage of grinding, which can be assumed to be equal to the feed kg·s−1

from the storage hopper P0
Qc productivity of the centrifugal-rotary type shredder on separation kg·s−1

Qi productivity of the centrifugal-rotary type shredder at the i-stage of grinding kg·s−1

Rc radius of installation of knives forming a separating surface m
Ri radius of installation of knives at the i -stage of grinding m
ti.o time (period) of one revolution s
ti.pe3 time (period) of cutting at the i-stage of grinding s
sti.xx time (period) of idling or stopping the movement of grain material as a result of overlapping s

the channel with the knife surface
ni the number of installed blades PCs
x1, x2, . . . , x8, . . . , xj exponent
x9 degree indicator for the second stage of grinding
δc the gap between the knives forming the separating surface m
η dimensionless ratio characterizing the loss in productivity of the grain material shredder
ωe angular speed of rotation of the rotor s−1
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