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Abstract. With the rapid development of nanotechnology the urgency of the issue of increasing the efficiency of
fine and ultrafine comminution of materials has increased. Nowadays, one of the most popular issues is to obtain a
grinding product with a size of less than 20 um for various technological processes. The purpose of the investigations
presented in this paper is an increasing in the effectiveness of fine and ultrafine grinding process. To achieve this pur-
pose, the authors of the article have analyzed new technical solutions to improve the efficiency of fine and ultrafine
comminution. Based on the existing principles for improving the design of stirred mills, a new design of the so-called
«rotor-vibratory mill» has been proposed. Using the finite element method, the efficiency of the proposed design of
the mill with the support of computer simulation of the grinding process has been evaluated. The results of the inves-
tigations showed that the new design of the mill allows to increase the product fineness by 69...75% and decrease the
time of the grinding process by 60...74% in comparison with existing analogues.
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Introduction. Nowadays, comminution process-
es are applied in many areas of production (construc-
tion, mining, food, chemical, etc.). Focusing on the
regional production processes implemented by en-
terprises of the East Kazakhstan region, the grinding
process can be used in the particle size reduction of
the following materials which are zinc concentrate,
copper concentrate, gold-bearing flotation concen-
trate, granulated slag for use as a binder in concreting
mines (KazZinc JSC); powders for the production of
uranium pellets (Ulba Metallurgical Plant JSC); tita-
nium concentrate, rare earth metals (tantalum, zirco-
nium, molybdenum, niobium), bentonite clay for the
production of sorbents (Ust-Kamenogorsk Titanium
and Magnesium Plant JSC) [1].

The main problems existing in the comminution
process are related to the increase in the energy effi-
ciency and productivity of the process, increase in the
quality of the products, and decrease in the cost of the
technological process.

Despite a huge number of investigations on the
problems of the comminution process, there are
many unresolved issues obstructing the improve-
ment of the grinding procedure. Due to the increase
in the volume of processed materials the diversity of
their types, the existing level of development of mills

has ceased to satisfy the needs of consumers. In addi-

tion, the issue of predicting the product fineness and
selecting the appropriate parameters of mills for op-
timizing energy costs is quite relevant. In this regard,
the requirements for the designed mills have also in-
creased. On the one hand, the designed mill should
provide the required value of product fineness, and,
on the other hand, it should have high energy effi-
ciency and productivity.

Among the various types of mills, the stirred me-
dia mills widely used for fine and ultrafine grinding
process [2]. To determine the principles of improving
the designs of stirred media mills, various technical
solutions of this type of have been analyzed based on
a review of patent documents [3-5].

Based on the results of the review analysis a
method for increasing the efficiency of stirred me-
dia mill has been proposed. The method is based on
the position of the Rebinder theory and other known
grinding models according to which the destruction
efficiency increases when the material experiences
high-frequency and alternating effects (Figure 1).

As follows from Figure 1, particle experiences pe-
riodic compressive and tensile stresses. As a result, a
new design of the mill consisting of a vertical cylin-
drical chamber filled with grinding media (Figure 2)
is proposed [6].

To improve the efficiency of the grinding process
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Figure 1 — lllustration of the mechanism describing the Rebinder effect
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Figure 2 — A new design of the stirred media mill (rotary vibrational mill)

the following design innovations (circled in red in
Figure 2) are proposed in the traditional design of the
mill which are:

1) the height of the rotor is approximately equal
to the height of the mill chamber;

2) the rotor is made with a new ellipsoidal profile
shape;

3) the mill is supplemented with a vibration drive
system consisting of an unbalanced shaft with an
electric motor and elastic support elements similar to
vibration vertical mills.

The aim of the investigation is to evaluate the ef-
fectiveness of grinding process (product fineness and
processing time) applying the computer simulation
of the grinding process considering a particle de-
struction by action of two grinding balls.

Simulation of the grinding process. The aim of
the simulation is calculation of the stresses oy and
o4 emerged in the particle due to actions of forces Fr
and F,, respectively. Based on the values oz and oy,

maximal product fineness and processing time of the
grinding process are expected to evaluate.

To do this, the finite element method (FEM) is
used in the simulation. Using the ANSYS software,
the simulation has been conducted in the following
consecutive actions:

1) drawing 3D-geometry of the particle (Figures
3a, 3b);

2) meshing the particle geometry (Figures 3c, 3d);

3) loading of the particle by Fr and Fx forces;

4) calculation and analysis of the particle equiva-
lent stress distribution as a result of radial (Figure 3e)
and axial (Figure 3f) loadings.

In the simulation, maximal product fineness and
processing time have been evaluated as a result of
only Fr action (case 1, Figure 8a), only F, action (case
2, Figure 4b), and alternate actions of Fr and F4 (case
3, Figure 4c).

Let us describe the principle of the determining
the maximal product fineness on the example of the
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Figure 3 — Algorithm of the simulation

case 1 (for the cases 2 and 3 the principle is similar).
As a test material, sand has been selected in the sim-
ulation. Based on the distribution of the equivalent
stresses in the particle, the volume of the destructed
area of the sand particle with initial size of dg; =100
um has been calculated. The destructed area is the par-
ticle area in which the value of the exceeds the value
of the sand particle ultimate stress [oy], i.e. or > [OR].
It has been modeled that remaining area (not desr-
tucted area) of the particle (in which or < [og]) trans-
forms to the new spherical particle with diameter dg..
Then the process is repeated. The maximal product
fineness dgmin corresponds to the condition oy < [og].

Increase in the particle ultimate stress with
decrease in particle size [7] has been taken into
account by the Hall-Petch equation which is
[0p] = 0w + Kk + (dp1) "2 In the equation, oy is the pre-
vious ultimate stress of the particle, k, is the Hall-
Petch constant (k, = 0.12 MPa-m'? for sand), dg; is the
particle size (diameter). Therefore, the value of the
particle ultimate stress [og] was recalculating with
decrease in particle size.

Simulation of the sand particle size reduction has

been conducted using the following operational pa-

rameters: ng = 1350 rpm, n, = 1400 rpm, mgy = 0.0165
kg, b=0.048 m, c=0.028 m, ms=4 kg, ¢=0.06 m,
M=1.5 kg, ¢=8085 N/m* The values of ng and nj,
were assigned based on the operational parameters
of the existing designs of the stirred media and vibra-
tion mills.

The results of the simulation for three cases of the
simulation are presented in Table.

The processing time in three cases of the simu-
lation has been determined based on the numbers
of collision actions in the radial Ny and axial N, di-
rections (Table). Taking into account the values of
ng and n, determining the number of the stirrer and
unbalance rotation numbers per minute, the process-
ing time in the radial tx and axial ts directions can
be calculated as tg = 0.5(Nr/ng) and ty=0.5(N4/nu).
In equations the «0.5» means that for a rotation of the
ellipsoidal stirrer and the unbalance two «grinding
media-particle» collisions occur.

In the third case of the simulation, the time of the
grinding process tra has been calculated analogically.
However, as a rotational speed ng, the average val-
ue of stirrer rotational speed nz and unbalance rota-
tional speed ny, i.e. nga = (Nr +n4)/2 has been taken
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Figure 4 — The principal schemes of the particle destruction in the computer simulation

Results of the computer simulation

Simulati
imufation Maximal product fineness Num.b.er Processing time | Collision force | Collision energy
cases of collisions
1 dRmin =323 um (>20 um) NR =67500 tRmax = 25 min FR =5.346N ER =0.64)
2 damin = 40.2 um (>20 um) N, =112000 tamax = 39 min Fa=0.003N Er=0.5312)
. Fr =5.346N Er = 0.64)
3 d min — 10.1 <20 = max =
e um (<20 um) | Nea=25500 | tasma = 10 min Fa = 0.003N Ex = 0.5312)

as tra = 0.5(Nga/nga). It can be seen from Table that
alternate actions of Fy and F, forces are characterized
by spending less time for the grinding process.
Conclusion. In this paper, evaluation the effec-
tiveness of a new design of stirred media mill (which
has been called as a rotary vibrational mill) has been
conducted. The principle of increase in mill efficiency
in increase the collision energy of the grinding media
in the radial and axial directions of the mill chamber.
While increase in grinding media collision energy in
the radial direction has been provided by new design
of stirrer in the shape of ellipse, increase in grinding
media collision energy in the axial direction has been

provided by the unbalanced drive with the spring el-
ements (vertical motion of the chamber).

To evaluate effectiveness of the new design of
stirred mill, the computer simulation of the sand
particle size reduction has been conducted. The sim-
ulation procedure consisted in three cases which are
the particle size reduction as a result of radial colli-
sion force Fy (case 1), axial collision force F4 (case 2),
and alternate actions radial Fr and axial F, collision
forces (case 3). The results of the computer simula-
tion showed that the sand particle with initial size of
100 pm can be reduced to the size of 32.3 pm (in 25

minutes), 40.2 um (in 39 minutes), and 10.1 um (in 10
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minutes) in case 1, 2, and 3, respectively. It follow-
es from the results of the computer simulation that
the alternate actions of Fr and F, on the particle leads
to the higher grinding efficiency. It is supposed that
increase in product fineness in case 3 of the simula-
tion is a result of the Rehbinder effect implying the
increase in product fineness due to emergence alter-

nate compressive-tensile stresses in the particle.

Thus, the proposed new method of stirred media
milling has provided the required product fineness
(<20 um) spending minimal processing time. Conse-
quently, the new design of mill can be used in large-
scale industrial operations in which a high magni-
tude of product fineness is required.

REFERENCES

1. baiirepees C.P. O6ocHOBaHME MapaMeTPOB U CO34aHME KOHCTPYKLMU POTOPHO-BUOPALMOHHOIO U3MENBUNTENSA C pa3paboTKol
TEXHO/IOTMM U3roToBAEHUSA: [luC. ... LoKkTOpa dunocodun (PhD). Kaparanaa, 2019. 172 c.

2. Riley M., Pinkney S., Blackburn S., Rowson N.A. Spatial distributions of media kinetic energy as measured by positron emission
particle tracking in a vertically stirred media mill // Minerals Engineering. — 2016. — V. 98. — Pp. 177-186.

3. A.c. 1629096 CCCP. bucepHas menbHuua / fanuy B.A., Antyxos B.H.; ony6n. 23.02.91, Bron. Ne 7. -3 c.

4. A.c. 1366208 CCCP. bucepHas menbHuua / Kopabnes H.M., fikosnes P.MN.; ony6:a. 15.01.88, Bron. Ne 2. — 4 c.

5. A.c. 1706697 CCCP. bucepHas menbHuua / Antyxos B.H., lesueHko .M., BopucoukuH 3.B. ony6s. 23.01.92. - 2 c.

6. Baigereyev S., Guryanov G. New method for increase in product fineness in stirred mills // Archives of Civil and Mechanical
Engineering. —2019. - V. 19. — Pp. 768-778.

7. Yue ., Klein B. Particle breakage kinetics in horizontal stirred mills // Minerals Engineering. — 2005. — V. 18. — 2005. — Pp. 325-331.

8. Kato M. Hall petch relationship and dislocation model for deformation of ultrafine-grained and nanocrystalline metals // Materials
Transactions. —2014. — V. 55. — Pp. 19-24.

AKbIpaobl anemeHm a0ici apKbiabl ¥ aHa pomopnviK-eubpayusansbiK ycaKkmarbiwumasrsl yHmakmay ypoici
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AHOamna. HaHomexHon02usHbIH KAPKbIHObI 0amybl Ke3iH0e mamepuandapdsbl YHmakmay muimoinieciH apmmeoipy
MacesneciHiH e3eKkminiei apmmel. byziHei maHOa eH maHeIMaa MmiHOemmepOiH Gipi apmypai mexHo102UANbIK Mpoye-
cmep ywiH eawemi 20 MUKPOHHAH a3 YHMaKmay eHimiH any 6osaein maboinadsi. Ocel MaKkanaoa KepceminzeH 3epm-
meynepOiH MaKCamel — YCaK #aHe eme YCaK YHmakmay muimoiniziH apmmelpy. byan makcamea xemy ywiH makana
asmopapsl YCaK #aHe eme YCaK YHMaKmay muimoinieiH apmmelpy YWiH #aHa MeXHUKAbIK wewimoepoi manda-
Obl. bucepdi ycakmarbiumap KOHCMPYKUUACLIH #emindipydiH KondaHbICMarbl NpUHYUNnmMepiHe Hezizdese omoipsbir,
«POMOoPbI-8UBPAYUAALIK MuUnmi» 0en amanamelH YHMAKMAF6IWMblH HaHA KOHCMPYKYUACLI YCbIHbIAFAH. AKbIpsbl
anemeHmmep 30iCiH KOAOAHbIM, YHMAKmMay npoueciH Komnetomepnik modenooey KemezimeH YHMaKmarslWmelH ycol-
HbIIFAH KOHCMPYKUUACbIHbIH, muimdiniai 6aranaHObl. 3epmmey Hamuxcenepi KepcemreHoel, YHMaKmMarblWmblH #aHa
KOHCMPYKYUACLI KOAOAHbICMAFbl GHAA02MAPMEH CanbICMblpFaHOa YHMAaKmayoblH YCcaKmeolrslH 69...75%-ra apmmel-
DPYFa HIHe YHMaKmay rnpoueciHiH, yakobimeiH 60...74%-Fa KbICKapmyfa MyMKiHOIK 6epedi.

Kinm ce3dep: ycakmarbiw, yHmaKkmay, pomop, yHmakmay wapel, 0ipin, COKKbl, yliKenic, cumynayus, aKbipssl sse-
mMeHmmep 30ici, KepHey, COKMbIFbIC IHEP2UACHI, COKMbIFBICMAP CAHbI, KOMMblomepsiik Modensoey, benwexkmep, mame-
puandel yHmakmay, PebuHOep meopuscsi.

OuyeHKa aghdhekmusHoCMu npoyecca usmesnbyeHUs1 8 HO8oU PoMopHo-8ubpayuoHHol MmenbHUYye Memodom
KOHEYHbIX 371eMeHmMo8
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AHHomayus. C 6ypHbIM pasgumuem HaAHOMexHOo102uli 803POCAA AKMYAsbHOCMb 80MPOCA MOBbLIWEHUSA 3¢hheKmuBHo-
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CMU MOHKO0R20 U C8EPXMOHK020 U3MesnbYeHUs Mmamepuanos. Ha ce2co0HAwWHUl 0eHb 00HOU U3 80cmpeboB8aHHbIX 340aY
A8149emcs nosy4yeHue npoodykma usmesbyeHuUs pasmepom meHee 20 MKM 015 8bIMOMAHEHUS PA3AUYHbIX MexHoa02uYe-
CKux npoyeccos. Llenb uccnedosaHull, npedcmasneHHbix 8 0AHHOU cmameoe, 3aKAK4Yaemcs 8 NosblueHUU 3ghghekmus-
HOCMU MOHKO020 U C8EpXMOHK020 U3MesibdyeHuUs mamepuanos. [as docmuxceHud 0aHHOU yeau aemopamu cmamosu
MPOAHAU3UPOBAHbI HOBbIE MeXHUYEeCKUE peuleHUs 0 NosbiWeHU 3hheKmuBHOCMU MOHKO20 U C8ePXMOHK020 U3-
MmesibyeHud. Ha ocHoge cyuwecmesyouux NpUHYUnos cosepuieHCmeao8aHUS KOHCMpPYKYuUl bucepHbix MesnbHUU, npeosno-
HeHa HoB8AA KOHCMPYKUUSA UaMesnbyumesns makK Ha3b6180emo20 « poOmopHO-8UBPAUUOHHO20 murna». Mcnone3ys memod
KOHEYHbIX 3/1eMEeHMO8, C MOMOWbIO KOMMbomMepHOoU CuMyasayuu npoyecca usmesns4yeHuUs bbina oueHeHa sghgekmus-
HOCM®b rpedsIonceHHOoU KOHCMPYKUuUuU usmensqyumerns. Kok nokasanu pesyanbmamel uccnedosaHuli, HO8AsS KOHCMPYK-
yus usmesnbyumMesns Mo38ossem MosbICUMb MOHKOCMb MOMOAA HA 69...75% U CHU3UMb 8pemMs NMpouecca UsmMesibyeHus
Ha 60...74% 8 cpasHeHUU € UMERW,UMUCA AHA102aMU.

Kntouesble cnoea: mesnbHUYA, UusmesnsdeHue, pomop, Mmeanwull wap, subpayus, yoap, ucmupaHue, cCUMyaayus, me-
MO0 KOHEYHbIX 371eMeHMOo8, HaNpPAXeHUe, SHepaUs CMOsKHOBEHUSA, KOAU4ecmao cmosikHoseHul, KOMMI6lomepHoe Mo-
denuposaHue, yacmuuya, paspyweHue mamepuanaa, meopus PebuHdepa.
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