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ABSTRACT

With the aim of revealing the effects of low temperature on the vibration impact comminution performance of
wheat bran, the impact dynamic performance of wheat bran at different temperatures was simulated by using
LS-DYNA. According to the impact collision relationship between grinding medium and wheat bran, a three-
component numerical calculation model was established. The impact collision dynamic essence of the model
was analyzed, and a solution method based on LS-DYNA was proposed. On this basis, the finite element
model of the numerical calculation model was obtained. By adjusting the mechanical parameters of wheat bran
in the finite element model, the vibration impact comminution performance of wheat bran at different
temperatures were analyzed. It is found that the contact force, contact deformation and comminution energy
of wheat bran increase with the decrease of temperature, which indicates that low-temperature comminution
of wheat bran is more advantageous than room temperature comminution. However, when the temperature
drops from - 40 °Cto - 80 °C, the above index parameters almost remain, which indicates that it is more
economical to apply low-temperature comminution at the temperature range from - 40 °C~ 0°C. This research
provided a foundation for the analysis, prediction and optimization of vibration impact comminution
performance of wheat bran.
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INTRODUCTION

Wheat bran is a kind of by-product of flour processing, and it is rich in protein, dietary fiber, vitamins,
amylase, minerals and other nutrients. Thus, it has various potential applications in food processing industry
(Onipe et al., 2016), medical care industry (Elmone, 2021), biochemistry industry (Martin-Diana et al., 2021),
etc. The superfine comminution of wheat bran has become an important way for its in-depth development and
comprehensive utilization (Craeyveld et al., 2009; Zhu et al., 2010; Rosa et al., 2013). At present, the low-
temperature vibration comminution technology, which combines the advantages of vibration impact
comminution and the advantages of low-temperature comminution, has been preliminarily applied in the
superfine comminution of wheat bran. As a result, low-temperature vibration comminution technology has
shown excellent comminution performance (Hemery et al., 2011; Huang et al., 2009).
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In order to further improve its superfine comminution efficiency, it is necessary to study the effects of
low-temperature on the vibration comminution performance of wheat bran.

The factors restricting the low-temperature vibration comminution performance of wheat bran mainly
include the motion characteristics of grinding medium and the low-temperature mechanical properties of wheat
bran. In order to study the comminution effects of grinding medium movement, researchers simplified the
grinding medium in grinding cylinder into single rigid body (Huang et al., 1997), grinding medium layer (Sidor,
2010), discrete grinding medium group (Lee et al., 2010; Mishra et al., 2015) and grinding medium flow (Yang
etal., 2018) respectively. Researchers also established the rigid dynamics model, hierarchical dynamics model
and discrete element model (DEM) of grinding medium. However, these models do not contain crushed
objects. Therefore, they cannot be used to comprehensively describe the comminution effects of the grinding
medium movement on wheat bran. Moreover, these models cannot be used to simulate and analyze the
influences of physical properties of the grinding medium on the superfine comminution performance of wheat
bran. This is the main reason why the experimental method is generally used to study the low-temperature
vibration comminution performance of wheat bran. Although Hemery (Hemery et al., 2010) discovered the
influences of low temperature on the mechanical properties and strain energy density of wheat bran and its
structural layers by using the tensile test, the relationship between temperature and comminution mechanical
properties of wheat bran is still not clear. It is because that the temperature field and the comminution force
field belong to different physical fields. Therefore, it is impossible to study the low-temperature vibration
comminution of wheat bran by using the existing models of grinding medium.

Due to the rapid progress of computer technology, it is possible to evaluate the low-temperature
vibration comminution performance of wheat bran by using nonlinear finite element method. The commercial
software LS-DYNA is currently recognized as one of the most outstanding nonlinear finite element simulation
software with the functions of explicit analysis and implicit analysis. It has been applied in numerical simulations
of material comminution performance in many fields, such as textile (Barauskas et al., 2007), wheat stem
(Yuan et al., 2013), concrete (Ma et al., 2020), etc. At present, when LS-DYNA is used to simulate the impact
comminution performance of materials, two-dimensional or three-dimensional unilateral impact calculation
models of two components are generally adopted (Barauskas et al., 2007; Yuan et al., 2013; Ma et al., 2020).
In the model, one component is set as a target, and the other component is set as a projectile. However, this
model cannot simulate the bilateral comminution effects of grinding medium on wheat bran, such as shear,
extrusion and grinding. The other disadvantage of the past work is that this model cannot directly take into
account the low-temperature embrittlement effects.

In the current research, a three-component comminution mechanism calculation model which is based
on the similarity principle of grinding medium motion was proposed. In the rest of this paper, the model is
named as grinding medium-wheat bran-grinding medium model. In order to verify the efficiency of the model,
the impact extrusion comminution effects of wheat bran at room temperatures and at low temperatures were
simulated and analyzed by adjusting the mechanical parameters of wheat bran. The results showed that the
low temperatures have a significant effect on the comminution performance parameters of wheat bran, such
as contact force, contact deformation and internal energy, which verifies the reliability of the model.

MATERIALS AND METHODS
Impact dynamics modelling of vibrating ball mill

The results of high-speed camera observation show that the grinding medium of the vibrating ball mill
has three motion forms, namely, impact motion, overall rotation and self-rotation (Gock et al., 1999; Lee et al.,
2010), and the comminution effects such as impact, shear, extrusion and grinding are formed between the
adjacent two grinding mediums. Based on the high-speed camera observation results of the grinding medium
motion of a vibrating ball mill, the motion diagram of the grinding medium in the grinding cylinder can be
obtained, as shown in Fig. 1. It is easy to find that the impact collision contact relationship between the grinding
medium group and the grinding cylinder wall is the dynamic essence of the three motions of the grinding
medium group. In the superfine comminution process of wheat bran in a vibrating ball mill, the high-speed
rotation of a single grinding medium has grinding effects on wheat bran. Meanwhile, the slow revolution of a
single grinding medium has grinding and homogenizing effects on wheat bran. Moreover, the impact
movement of a single grinding medium forms the impact collision contact relationship between adjacent
grinding medium or between grinding medium and grinding cylinder, which has impacting, squeezing or
shearing effects on wheat bran.
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Fig. 1 - Movement of grinding medium in the grinding tube
R —radius of the grinding cylinder of vibrating ball mill; O — the geometric center of the grinding tube; r — radius of the grinding
medium group; O; — geometric center of the grinding medium group; r—radius of the single grinding medium ball;
Oo — geometric center of the single grinding medium ball

Ignoring the influences of surrounding grinding medium and wheat bran, and taking any two
mutually contacting grinding medium balls and a piece of wheat bran between two adjacent grinding
medium layers as shown in Fig. 1, the three-component calculation model named grinding medium - wheat
bran - grinding medium can be obtained as shown in Fig. 2. The two grinding balls are labelled as grinding
medium 1 and grinding medium 2, respectively. In Fig. 2, s1 and sz represent the distances from the
grinding medium 1 and the grinding medium 2 to the contact surface of the wheat bran respectively. O:
and O: are the centroids of the grinding medium 1 and the grinding medium 2 respectively, and the
eccentricity is e12. r1 and rz are the radii of the grinding medium 1 and the grinding medium 2 respectively.
w1 and w2 are the rotation velocities of the grinding medium 1 and the grinding medium 2 respectively,
and their steering directions are identical. When vir and vzr represent the impact velocities of the grinding
medium 1 and the grinding medium 2 respectively, vic and vzc can be considered as the revolution
velocities of the grinding medium 1 and the grinding medium 2. According to the energy transfer law of
the grinding medium in the grinding tube, the directions of vir and vzr can be considered on the same
straight line, but their sizes are different (Feng et al., 2018). Due to the different values of vir and vz, the
impact comminution effect of the grinding mediums on the wheat bran is formed.

Fig. 2 - Calculation model of vibrating ball mill

According to the relativity principle of motion, the grinding medium 2 can be considered as a fixed state.
At this time, only three motions of the grinding medium 1, including impact, revolution and rotation, need to be
considered. These three movements produce three kinds of contact forces on the wheat bran. These forces
are the high-frequency impact force of the grinding medium impact motion on the wheat bran, the grinding
force of the grinding medium revolution motion on the wheat bran, and the grinding force of the grinding
medium rotation motion on the wheat bran, respectively. The previous research shows that the impact force
of the grinding medium is the primary factor, and the grinding force generated by the rotation and revolution of
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the grinding medium is the secondary factor in comminution of wheat brans by vibrating ball mills (Kostishin et
al., 2015). At this time, the grinding medium 1 can be considered to bear only one impact force in any direction,
that is, the grinding medium 1 has only one impact movement in any direction. The rectangular coordinate
system xOuy is established with the geometric center O of the grinding medium 1 as the origin point. The
simplified calculation model is shown in Fig. 3. The impact velocity of the grinding medium 1 is v and the impact
angle in X direction is a.

Low-temperature comminution environment
S1 1S, S2

\
Grinding |

Wheat bran
E=E(T) o=0(T) e=¢(T)

Fig. 3 - Low-temperature calculation model of vibrating ball mill

In actual comminution processes, low-temperature will affect wheat brans and grinding mediums, such
as the emergence and propagation of surface cracks, the changes of geometric dimensions and mechanical
properties, etc. In fact, in the tensile test of mechanical properties of wheat brans at low-temperature, the
effects of changes on surface cracks, geometric dimensions and morphological structure caused by low
temperature on wheat bran will be converted into mechanical properties. Therefore, based on the calculation
model of the vibrating ball mill, a low-temperature comminution model describing the low-temperature vibration
superfine comminution of wheat brans can be obtained, as shown in Fig. 3. In Fig. 3 s represents the thickness
of the wheat bran, and E=E(T), 0=0(T), ¢=¢(T) represent the physical relationships between the mechanical
parameters of the wheat bran and the comminution temperature. According to Fig.3, the influence of the
comminution temperature on the comminution performance of the wheat bran can be analyzed by changing
the elastic modulus E, ultimate stress ¢ and ultimate strain ¢ of the wheat bran in the comminution model.
Thus, it provides an economical and convenient method to study the effects of low-temperature on the vibration
comminution performance of wheat bran.

According to the comminution mechanism model shown in Fig.3, the low-temperature vibration
comminution of wheat brans is a typical contact collision elastoplastic large deformation problem. Therefore,
using nonlinear finite element numerical method to solve this problem has significant advantages. From a
mechanics point of view, the most notable technical characteristic of LS-DYNA is that it can solve highly
nonlinear problems such as dynamic contact of objects, large deformations, material nonlinearities, and high-
speed transient problems such as explosions, impacts, pouring, and material forming (Menezes et al, 2014).
Therefore, the vibration superfine comminution mechanism of wheat bran under low temperature fully meets
the application requirements of LS-DYNA. In this research, the Lagrangian method of LS-DYNA with updated
format algorithm is selected to solve the simplified low-temperature vibration comminution mechanism
calculation problem of wheat bran.

Finite element modeling and solution setting of low-temperature calculation model

Considering the non-fracture phenomenon and large deformation characteristics of wheat brans in
vibration impact experiments, the plate shell unit shell163 is selected for the wheat bran, with the length of 3
mm, the width of 2 mm and the thickness of 80 um. Fig. 4 shows a set of stress-strain curves of the wheat
bran at comminution temperatures of 30 °C, 0 °C, — 40 °C and - 80 °C, respectively (Cheng et al, 2019). As
shown in Fig. 4, when the stress-strain curve of the wheat bran includes two stages of elastic deformation and
plastic deformation, the bilinear BKIN model is selected as the material model; when the stress-strain curve of
wheat bran only includes an elastic deformation stage, the Isotropic model is selected as the material model.
The input parameters of the bilinear BKIN model of wheat bran include Young's modulus E, density p,
Poisson's ratio y, Yield stress os and Tangent modulus Ep. The yield stress os is approximately equal to the
elastic stress gen, the Poisson's ratio is 0.3, and the tangent modulus Ep=(Omax-Oela)/(Emax-Eela). MOreover, Omax
is the ultimate stress, emax is the ultimate strain, and €en is elastic strain. The input parameters of the isotropic
model of the wheat bran only include Young's modulus E, density p and Poisson's ratio y. The mechanical and
physical parameters of wheat bran identified based on Fig. 4 are shown in Table 1.
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The solid unit solid164 with the radius of 2 mm is adopted by grinding medium. The Rigid body model
is selected as the material model of the grinding medium. The intervals s: and sz between the grinding medium
and the wheat bran surface are set as 0.5 mm. There is no eccentricity between the two grinding mediums.
The wheat bran is discretized with quadrilateral mapping grid, and the grinding medium is discretized with
hexahedral mapping grid. The finite element model of the low-temperature calculation model of wheat bran is
shown in Fig. 5. After discretization, the element number of the wheat bran is 3600 and the element number
of the grinding medium is 16384. The input parameters of the rigid body model of grinding medium include
density p, Young's modulus E and Poisson's ratio y. Zirconia ball is selected as the grinding medium, and its
material characteristic parameters are shown in row 6 of Table 1. As shown in Table 1, the Young's modulus
of zirconia is much higher than that of the wheat bran. Therefore, the rigid body model is suitable for the finite
element model of the grinding medium.
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Fig. 4 - Stress-strain curves of wheat bran at different temperatures

Wheat brgn  Grinding medium 2

Grinding medium 1

Fig. 5 - Finite element model of Low-temperature calculation model of wheat bran

Table 1
Material characteristic parameters of wheat bran and grinding ball
Densi Elastic Elastic | Young's | Ultimate | Ultimate | Tangent | Poisson's
ensity X ; :
Temperature strain stress |modulus| strain stress |modulus ratio
Name p Eela Ocla E Emax Omax Ep H
o 3 0 x 106 x 108 0 x 107 x 108
30 1.24 6.40 5.00 4.45 1.04 1.40
0 1.29 7.12 5.48 2.71 1.10 3.43
wheat bran 0 1250 — — 6.35 523 137 — 0.30
-80 — — 7.58 1.64 1.25 —
Zirconia ball — 5800 — — 2200 — — — 0.23

Furthermore, the movement and rotation degrees of freedom of grinding medium 2 are restrained. The
impact velocity and impact angle of grinding medium 1 can be set by defining the velocity components in X
and Y directions. The X-direction impact velocity of grinding medium 1 is set as 3 m/s, and the Y-direction
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impact velocity is set as 0 m/s. At this time, the impact angle is O degree. The eccentricity between the two
grinding mediums is 0 mm. At this time, the grinding medium has only impact extrusion grinding effect on the
wheat bran. The contact type between wheat bran and grinding medium is automatic face-to-face contact, and
the dynamic and static friction coefficients are defined as 0.3. The wheat bran has no fixed boundary and its
central node moves along the X direction, which is similar to the actual vibration impact grinding. Due to the
large deformation and even mesh distortion of the wheat bran in the process of impact collision, hourglass
control (0.1) and adaptive mesh control are adopted. In order to ensure the calculation accuracy and
convergence speed, five integral points of the wheat bran model are selected.

RESULTS

The contact force, contact deformation and internal energy between the wheat bran and the grinding
mediums were selected as evaluation indexes to analyze the effects of low-temperature on the comminution
performance of the wheat bran. Fig.6 shows the contact force curves between the wheat bran and the grinding
mediums at 30 °C, 0 °C, - 40 °C and - 80 °C, respectively. According to Fig. 6, when the grinding temperatures
are at 30 °C, 0 °C, - 40 °C and - 80 °C, the maximum contact forces generated by the impact extrusion of the
wheat bran by the grinding medium 1 are 11.5733 N, 12.8110 N, 16.0461 N and 16.2857 N, respectively. And
the disengagement times between the grinding medium 2 and the wheat bran are 0.52 ms, 0.48 ms, 0.47 ms
and 0.47 ms, respectively. Compared with the value obtained at 30 °C, the maximum contact forces of the
wheat bran at 0 °C, - 40 °C and - 80 °C are increased by 10.69%, 38.65% and 40.72%, respectively. Obviously,
when the comminution temperature is - 80 °C and - 40 °C, the grinding time of wheat bran are exactly the same.
It can be seen that with the decrease of the grinding temperature, the contact force produced by the grinding
medium gradually increases and the contact time gradually shortens. At the same time, it was found that when
the comminution temperature decreased from - 40 °C to - 80 °C, the contact force increased only 0.2396 N and
the sensitivity was 0.006 N/°C. However, when the comminution temperature decreased from 0 °C to - 40 °C,
the contact force increased by 3.2351 N and the sensitivity was 0.081 N/°C. It shows that the effects of the
comminution temperature on the contact force is uneven. With the decrease of comminution temperature, the
sensitivity of the contact force and the economy of low-temperature comminution keep decreasing. Therefore,
it is economical to set the comminution temperature to - 40 °C.
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Fig. 6 - Influence of comminution temperature on the contact force of wheat bran

Fig. 7 shows the contact deformation of the wheat bran when the comminution temperatures are at
30°C, 0°C, - 40°C and - 80°C, respectively. At this time, the wheat bran has completely disengaged from
the grinding medium 2, and the impact extrusion comminution process is over. According to Fig. 7, the
contact areas of wheat bran at 30 °C and 0 °C are basically the same, and that at - 40°C and - 80°C are
also basically the same, but their contact area are less than those at 30 °C and 0 °C. When the comminution
temperature was - 40 °C or - 80 °C, the contact area of the wheat bran was distorted and overlapped. It
can be seen from Fig. 4 that the low-temperature embrittlement of the wheat bran has occurred at the
comminution temperatures of - 40 °C and - 80 °C. Theoretically, this phenomenon of distortion and overlap
should not occur. It is because that when using LS-DYNA for numerical simulation calculation, the wheat
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bran at - 40°C and - 80°C is considered as isotropic linear elastic material, and its elastic modulus and
ultimate stress are greater than those at 30 °C and 0 °C. It is equivalent to enhancing the comminution
resistance of the wheat bran, resulting in smaller contact area and increased distortion of the wheat bran
when impacted and extruded.

a) T=30C (t=0.52ms) b) T=0°C (t=0.48ms)

c) T=-40°C (t=0.47ms) d) T=-80°C (t=0.47ms)
Fig.7 - Influence of comminution temperature on the contact deformation of wheat bran
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Fig. 8 - Influence of comminution temperature on the internal energy of wheat bran

Fig. 8 shows the internal energy curves of the wheat bran at the comminution temperatures of 30 °C,
0°C, -4°C and -80°C, respectively. Taking the time of 0.7 ms after the completion of the impact extrusion
comminution process as an example, according to Fig. 8, the corresponding internal energy at the comminution
temperature of 30°C, 0°C, - 40°C and - 80°C are 11.5280 mJ, 10.5280 mJ, 0.2576 mJ and 0.4035 mJ,
respectively. Compared with the internal energy of wheat bran at 30°C, the internal energy of wheat bran at
0°C, - 40°C and -80°C decreased by 8.67%, 97.77% and 96.50% respectively. It can be seen that at the same
impact velocity, the kinetic energy of the grinding ball is exactly the same, but the energy conversion caused
by impact on the wheat bran at different temperatures is different. The internal energy produced at 30 °C and
0°C is much greater than that produced at - 40°C and - 80°C. The internal energy stored at - 40°C is the lowest.
It is about 2.23% of that at 30°C. According to the law of energy conservation, the low-temperature
comminution consumes most of the kinetic energy of the grinding medium ball as the form of comminution
energy of wheat bran. However, the room temperature comminution stores most of the kinetic energy of the
grinding medium ball as the form of internal energy, which provides accumulation energy for the next impact
comminution. It can be seen that the low-temperature comminution of wheat brans has more advantages than
room temperature grinding. At the same time, it was found that the stored internal energy of the wheat bran at
- 40°C was less than that at - 80°C, which implies that it was more reasonable to take - 40°C as the low-
temperature comminution temperature. However, the tensile breaking strain energy density of the wheat bran
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at - 80°C is less than the tensile breaking strain energy density of the wheat bran at - 40°C. It is probably
because that the stress mode of the wheat bran during tensile fracture and vibration comminution is different.
Therefore, it is not accurate to directly use the tensile fracture strain energy density to describe the low-
temperature vibration comminution performance of wheat bran. It is reasonable to take - 40°C ~ 0°C as the
temperature regulation range of the low-temperature vibration superfine comminution of wheat bran.

CONCLUSIONS

The three-component numerical calculation model proposed in this paper can completely simulate
the vibration impact comminution mechanism of the vibrating ball mill. By adjusting the mechanical parameters
of the wheat bran at different temperatures, the effects of low temperature on the vibration impact comminution
performance of the wheat bran can be simulated and analyzed.

Low-temperature has a significant effect on the vibration impact comminution performance of
wheat bran. Compared with 30°C, the contact force of the wheat bran at - 80°C increased by 40.72% and
the internal energy decreased by 96.50%. However, compared with - 40°C, the contact force of wheat
bran at - 80°C only increased by 1.31%, and the internal energy increased by 56.64%. The contact area
and deformation degree of the wheat bran at - 40°C and - 80°C are basically the same. Therefore, it was
more economical to determine - 40°C ~ 0°C as the temperature regulating range of low-temperature
comminution of wheat bran.

Based on the explicit nonlinear finite element model, the vibration impact comminution performance
of the vibration ball mill can be simulated and analyzed, which provides a method for analyzing the low-
temperature vibration superfine comminution performance of wheat bran.

ACKNOWLEDGEMENT

The authors were funded for this project by science and technology research project of Henan (No.
212102110312) and the scientific research foundation for advanced talents of Henan University of Technology
(No. 2020BS020).

REFERENCES

[1]  Antoine C., Peyron S., Mabille F. et al, (2003). Individual contribution of grain outer layers and their cell
wall structure to the mechanical properties of wheat bran. Journal of Agricultural and Food Chemistry,
Vol.51, Issue7, pp. 2026-2033, USA;

[2] Barauskas R., Abraitiene A., (2007). Computational analysis of impact of a bullet against the multilayer
fabrics in LS-DYNA. International Journal of Impact Engineering, Vol.34, Issue7, pp.1286-1305,
England,;

[3] Cheng M., Liu B. G., Cao X. Z., (2018). Discussion on the application of LS-DYNA in superfine grinding
of wheat bran. Grain & Oil Science and Technology, Vol.1, Issue3, pp.138-144, P.R.C;

[4] Cheng M., Liu B.G., Liu Y.X., (2019). Effect of low temperature on tensile mechanical properties of wheat
bran. (RN 25k 8 i 22 RS 500 5m7) . Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), Vol.35, Issuel3, pp.312 - 318, P.R.C;

[5] Craeyveld V.V., Holopainen U., Selinheimo E. et al, (2009). Extensive dry ball milling of wheat and rye
bran leads to in situ production of Arabinoxylan oligosaccharides through nanoscale fragmentation.
Journal of Agricultural and Food Chemistry, Vol.57, Issuel8, pp.8467-8473, USA,

[6] Elmone M.A., (2021). Effect of wheat bran on anthropometric measures, serum glucose and lipid profile
in type 2 diabetes patients. Pakistan Journal of Biological Sciences, Vol.24, Issue3, pp.345-349,
Pakistan;

[71 FengP.Z., Wang X.H., Qiang Y.H. et al, (2008). Energy analysis of mechanical alloying of molybdenum
disilicide in a new-type high energy vibrating ball mill. Journal of China University of Mining &
Technology, Vol.18, Issue3, pp.449-453, P.R.C;

[8] Gock E., Kurrer K.E., (1999). Eccentric vibratory mills - theory and practice. Powder Technology,
Vol.105, Issuel-3, pp.302-310, Switzerland;

117



Vol. 68, No. 3 / 2022 INMATEH - Agricultural Engineering

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Hemery Y., Mabille F., Martelli M. et al, (2010). Influence of water content and negative temperatures
on the mechanical properties of wheat bran and its structural layers. Journal of Food Engineering,
Vol.98, Issue3, pp. 360-369, England;

Huang H., Pan J., McCormick P., (1997). Prediction of impact forces in a vibratory ball mill using an
inverse technique. International Journal of Impact Engineering, Vol.19, Issue2, pp.117-126, England;

Huang S., Zhu K.X., Qian H.F. et al, (2009). Effects of ultrafine comminution and freeze-grinding on
physico- chemical properties of dietary fiber prepared from wheat bran GE A AR RERT 22 2k fr 2T 24 38
bR s2md) . Food Science, Vol.30, Issuelb, pp.40-44, P.R.C;

Hemery Y., Chaurand M., Holopainen U. et al, (2011). Potential of dry fractionation of wheat bran for
the development of food ingredients, Part I Influence of ultra-fine grinding. Journal of Cereal Science,
Vol.53, Issuel, pp.1-8, England,

Kostishin V.G., Andreev V.G., Chitanov D.N. et al, (2015). Analysis of the effect of comminution of
strontium hexaferrite powders in a vibratory mill on the properties of magnets on their basis. Physical
Science of Materials, Vol.85, Issue8, pp.91-93, USA;

Lee H., Cho H., Kwon J., (2010). Using the discrete element method to analyze the breakage rate in a
centrifugal/vibration mill. Powder Technology, Vol.198, Issue3, pp.364-372, Switzerland;

Mishra B.K., Rajamani R.K., (2015). The discrete element method for the simulation of ball mills. Applied
Mathematical Modelling, Vol.16, Issuell, pp.598-604, USA,

Ma H., Yue C., Yu H. et al, (2020). Experimental study and numerical simulation of impact compression
mechanical properties of high strength coral aggregate seawater concrete. International journal of
impact engineering, Vol. 137, Issue Mar, pp.103466.1-103466.13, England,;

Menezes P.L., Lovell M.R., Avdeev L.V. et al, (2014) Studies on the formation of discontinuous rock
fragments during cutting operation. International Journal of Rock Mechanics and Mining Sciences,
Vol.71, Issue 9, pp.131-142, England;

Martin-Diana A.B., Tomé-Sanchez |., Garcia-Casas M.J. et al, (2021). A novel strategy to produce a
soluble and bioactive wheat bran ingredient rich in ferulic acid. Antioxidants, Vol.10, Issue6, USA;

Onipe O.0., Ideani A.l.O., Beswa D., (2016). Composition and functionality of wheat bran and its
application in some cereal food products. International Journal of Food Science & Technology, Vol.50,
Issuel?2, pp.2509-2518, England;

Peyron S., Abecassis J, Jeanc. Autran A, et al, (2001). Enzymatic oxidative treatments of wheat bran
layers: effects on ferulic acid composition and mechanical properties. Journal of Agricultural & Food
Chemistry, Vol.49, Issuel0, pp.4694-9, USA,

Peyron S., Chaurand M., Rouau X., et al, (2002) Relationship between Bran Mechanical Properties and
Milling Behavior of Durum Wheat (Triticum durum, Desf.). Influence of Tissue Thickness and Cell Wall
Structure. Journal of Cereal Science, Vol.36, Issue3, pp.377-386, England;

Rosa N.N., Barron Cécile, Gaiani C., et al, (2013) Ultra-fine grinding increases the antioxidant capacity
of wheat bran. Journal of Cereal Science, Vol.57, Issuel, pp.84-90, England;

Sidor J., (2010). A mechanical layered model of a vibratory mill. Mechanics and Control, Vol.29, Issue
3, pp.138-148, Singapore;

Yuan Z.H., Li J.W., Tian H. et al, (2013). Simulation and Analysis of the Wheat Stem Lodging. Advanced
Materials Research, Vol.652-654, pp.1416-1419, P.R.C;

Yang X.L., Wang Y.L., Xia Z.Q. et al, (2018). Numerical simulation and experiment of medium flow
energy field in vibrating mill. International Journal of Modeling, Simulation, and Scientific Computing,
Vol.09, Issue02, pp.627-636, Singapore;

Yokoyama T., Tamura K., Usui H. et al, (1996). Simulation of ball behavior in a vibration mill in relation
with its grinding rate: effects of fractional ball filling and liquid viscosity. International Journal of Mineral
Processing, Vol.44-45, pp.413-424, Netherlands;

Zhu K.X., Huang S., Peng W. et al, (2010). Effect of ultrafine grinding on hydration and antioxidant
properties of wheat bran dietary fiber. Food Research International, Vol.43, Issue 4, pp.943-948, USA.

118



