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Abstract. The principal disadvantages of mills utilised for fine and ultrafine
grinding processes are the restricted product fineness and the low energy
efficiency. As a solution of the problem, new principle of the grinding process
and innovative design of rotor-vibration type of mill are proposed. The mill
design is based on the Rebinder effect, which serves to reduce the particles
strength and, consequently, increasing product fineness and energy efficiency.
As an example of the rotor-vibration type of mill, the design including oval
rotor, grinding media, vibration drive with spring elements is presented in the
paper. The originality of the mill design is the oval shape of the rotor. However,
due to the originality of the shape of oval rotor, there are no approaches to
determining the geometric parameters of the rotor (major and minor semi-
axis, height). Consequently, an approach is presented for determining the
geometric parameters of a new oval-shaped rotor design in innovative rotary-
vibratory type mills. The research results can be used in the design process
of new mill designs based on rotor-vibration method of fine and ultrafine
comminution.
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Approach for determination of geometric parameters of new oval design of rotor in innovative rotor-vibration
type of mills

Introduction

The fine and ultrafine grinding process is applied in many technological operations [1].
Mills that employ grinding media as an instrument for transferring collision energy for grinded
particles is one of the most widespread types of mills widely used in various industries [2].

Among the mills with operational principle based on the “grinding media-particles” collision,
the most popular types of mill are stirred mills and vibration mills. Stirred mill is characterized
by capability of obtaining fine and ultrafine product particle sizes. This is the reason of why the
design of stirred mill is considered to be as a successful option for replacement of traditional
ball mill. The main components of stirred mills are chamber, rotor, grinding media, and an
electric motor (see Fig. 1) [3]. The chamber is filled with grinding media and grinded material.
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Figure 1. The traditional design of stirred mill
Note: compiled based on the data [3]

The electric motor contributes to the rotation of the rotor leading to the grinding media
stirring. The comminution procedure is implemented owing to interaction between grinding
media and the particles of grinded material [4].

However, as a result of design features the capability of providing high indexes of effectiveness
(achieving the required product fineness and energy efficiency) is restricted in stirred mill. The
reasons are connected with insufficient acceleration of grinding media caused by high chamber
filling ratio, decrease in the concentration of grinding media in the zone of high kinetic energy,
contradictions in the applying the shape of rotor. On the one hand, disk rotor provides high value of
product fineness and energy efficiency. However, on the other hand, providing an intense circulation
of grinding media using disk rotor is problematically. Thus, it should be resumed that the problem
of increase in comminution process efficiency lies behind the design features of stirred mill.

The vibration mill consists of chamber, grinding media, and a vibration drive (see Fig. 2) [5].
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Chamber

Grinding ball
Sty Particle

Figure 2. The parts of vibration mill
Note: compiled based on the data [5]

Vibration of the chamber leads to periodic collision of the grinding media with particles and,
consequently, contributes to the reduction of particles size [6]. However, the design features
of the vibration mill, increase in collision energy of grinding media is restricted. Thus, it is
necessary to reconsider design of mill to increase the grinding efficiency.

In order to increase in efficiency of comminution process, new rotor-vibration type of mills is
proposed [5]. The proposed rotor-vibration type of mills contributes periodic compressive and
tensile stresses in the particle leading creation of Rebinder effect (decrease in the strength of
the material due to the organization of alternating loads in the particle) (see Fig. 3).

F

Particle

Grinding media
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F

Figure 3. The principle of comminution in the new design of mill
Note: compiled based on the data [5]
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The example of rotor-vibration mill design is illustrated in Fig. 4. The design of the mill
comprises chamber, oval rotor, grinding media, electric motor, vibration drive, and spring
elements [7]. The combination of the proposed design elements provides collisions of the
grinding media in radial and axial directions.
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Figure 4. The proposed design of stirred mill
Note: compiled based on the data [3]

The design feature of the proposed mill is an oval rotor. The geometric parameters of the
oval rotor are major semi-axis and minor semi-axes. Taking into account the fact that the design
of the rotor is new, it is necessary to develop the approach for determination of the geometric
parameters of rotor in dependence on energy consumption of the mill. Taking into account the
operation principle of the mill the effect of the oval rotor parameters on the energy consumption
of the mill should be conducted in combination with chamber diameter, grinding media filling
ratio, and grinding media size.

The results of literature review showed that a range of papers dedicated to investigation of
effect the geometric parameters on the efficiency of grinding process are conducted by other
authors. One of the geometric parameters is chamber diameter. In the work [8], the principle
of determination of the chamber diameter in stirred mills is considered. The investigation
results showed that chamber diameter should be assign from providing maximum distance
between rotor edge and chamber wall. The authors of the work [9] investigated the approach
for determination of the chamber diameter depending on the technological and economic
effectiveness of mineral material grinding in electromagnetic mill.

A set of research are dedicated to the investigation of the effect of the rotor design on the
efficiency of the grinding process. For example, in the work [8], disk, wing and cross types of
rotor design are investigated. The investigation results showed that disk rotor is characterized
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by higher energy efficiency. The wing and cross rotors contribute to the intensive stirring
process leading to increase in grinding efficiency. In the work [10], the geometric parameters
of pin rotor are investigated. The research results showed that with increase in pin numbers,
the grinding efficiency increases. However, increase in pin numbers lead to increase in energy
consumption.

A set of investigations are dedicated to the selection of the grinding media size. In the paper
[11], the authors proposed the approach for determination of the grinding media size comparing
the process of the particle size reduction in stirred mills with crushing process of the piece of
material in roller crusher. As a result, it is recommended to select the grinding media size based
on the observance of the ratio of the grinding media size and the particle size of 20:1. The
authors of the work [12] investigated the dependence between grinding media diameter and the
amount of required energy. The research results showed that using the four groups of grinding
media (19.5, 38 mm; 19.5, 50 mm; 38, 50 mm and 19.5, 38, 50 mm) the required energy is close
in values. In the work [13], the approach for determination of the grinding media diameter in
vibration mill is presented. According to the approach, the grinding media diameter is selected
based on the desired grinding time. For example, applying 15 mm grinding media, compared to
12 mm, resulted in a 22.5% reduction in grinding time to achieve a product fineness of 0-10 pm.

A number of studies are connected with research of the chamber grinding media filling ratio.
In the work [14], the effect of the grinding media filling ratio on the efficiency of the grinding
process is investigated. According to the results, increase in media filling ratio, the number of
grinding media collisions increases, however, the space for media acceleration is decreased. The
authors of the work [15] set the mathematical dependence between grinding media filling ratio
and required power and productivity of an industrial ball mill. The dependence leads to select
the value of grinding media filling ratio. In the work [16], the authors propose new approach for
calculation of the grinding media filling of the chamber. The approach includes new equations
for determination of the grinding media filling ratio considering the volume in the conical ends
and the volume occupied by the mill shell lifters. The authors of the work [17] investigate the
effect of the grinding media filling ratio on the product fineness and energy consumption. The
results of the research showed that while grinding media filling ratio increases, the grinding
process efficiency increases.

However, the problem is that the existing approaches cannot be used for determination of
the geometric parameters of the new type of mill called “rotor-vibration mills”. Presenting the
current investigations as a model of “black box”, while the input of the system is geometric
parameters of the oval rotor (major semi-axis, minor semi-axis), output is energy consumption
of the grinding process.

The aim of this paper is to investigate new approach for determination of the geometrical
parameters of the innovative design of oval rotor capable of increasing the product fineness and
diminish energy consumption for comminution process.

The methodology
The geometrical parameters of the oval rotor are major and minor semi-axes. In order to

justify aforementioned geometric parameters, it is necessary to accept some of parameters. Let
us accept that initial particle size is 100 pm as an initial boundary value of fine grinding. Based
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on the previous investigations conducted by other authors [18], the range of grinding media
sizes applied in stirred media is 1.5...10 pm. Taking into account the fact that it is necessary to
provide maximum productivity of the mill, let us accept that grinding media size is 10 mm.

In order to achieve effectiveness of the grinding process, it is necessary to provide placement
at least two grinding media in the space between rotor extreme point and chamber wall, i.e.:

0,5D,, —b=>2d, 1)

Determination of the chamber diameter is conducted based on the required value of
productivity € of the proposed design of mill. The mill productivity O defined as the volume
of the grinded material per unit of time can be evaluated by the following formula:
_ VQ N, o

t

0 (2)
0

In Eq. (2), V¥, is the volume of interspherical channels, N, is the number of interspherical
channels. According to the model, the grinded material moves through interspherical channels

in a top-down direction over time [19]:

t, = |—2.K
g e (3)
InEq. (3), N, isthe total height of grinding media in the mill chamber, mm; K is coefficient
of resistance to free movement of material leading to increase time t (Kres = 2.66); g is
acceleration of gravity (g=9.81 m/s?).
The value of the volume ¥, of one interspherical channel is calculated by multiplying the
channel area S, and height / :

Hy . (4)

The calculation of the area S, is conducted by difference of the area of an equilateral triangle
AABC and areas of three sectors |, Il and III. (Fig. 5):

S, =0.0403d;,, (5)

Figure 5. Interspherical channel
Note: compiled based on the data [19]
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The total height of the grinding media in the chamber is determined by the following formula:

HQ _ 2NGM 'déM (6)
DCH
Based on Egs. (5) and (6):
~0.0806- Ny -d iy
Vom T (7)
CH

The total number of interpherical channels can calculated using the following formula:

o X
e

0
In Eq. (8), ZVW is the volume of porosity. In order to calculate the parameter of ZVP

grinding media position is modelled as presented in Fig. 6.

(8)

or

Figure 6. The scheme of grinding media position
Note: compiled based on the data [19]

As it follows from Fig. 6, space (porosity) is formed between the grinding media. The volume
of the porosity can be calculated by the following formula:

szor = kpor ' ZVGM > (9)

In Eq. (9), k, is porosity coefficient. k,, =0,259 for rhombic configuration of grinding
media; ZVGM, is the total volume of grinding media, mm?.
Porosity coefficient £, can be determined using Slichter's formula [19]:

por

koo =1- z
- 6-(1—cos@W1+cosb’ (10)

In Eq. (10), ¢ is the angle of intersection of the lines connecting the centers of the grinding
media. With a rhombic configuration of media, @ = 60°. In this case, kpor =0.259.
The total volume of the grinding media is determined by the following formula:
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ZVGM = Now Vou = 41888 Ny R (11D

4
In Eq. (11), Veu is the volume of one grinding media, mm? (V,, = — 7R, ).

Taking into account Egs. (8) and (9), Eq. (7) can be presented by the following way:
DV =1.0849-Noy Roy, (12)

Based on Egs. (7) and (12), Eq. (8) can be presented as

v _ 168D,

0 dGM (13)

Taking into account Egs. (7) and (13), the theoretical productivity of the the proposed mill is
determined by the following formula:

0- 0.0677-dy - \|Dey - g (14)

K

res

Based on Eq. (14), chamber diameter is calculated by the following way:

0Ky
DCH - 4 . (15)
0.0045-d?,, - g

Then, based on Eq. (1), the formula for calculation major semi-axis can be presented as

b=0.5D,, —2d,, . (16)

Findings/Discussion

Let us accept that targeted value of mill productivity is Q =10kg/h. In this case, according
to Eq. (18), the diameter chamberis D, =120 mm. The grinding media diameter d, =10mm.
Then, based on the Eq. (1), the value of major semi-axis of oval rotor is b =40 mm. Let us
determine the value of minor semi-axis ¢ varying in the range of 40 mm <c¢ <2 mm. The
justification of the value of minor semi-axes is based on the calculation of the product fineness
and theoretical power expended for grinding media circulation.

In Table 1, the results of calculation of the product fineness and theoretical power depending on
the minor semi-axis varying are presented. The calculation of the values of product fineness and
theoretical power presented in Table 1 is conducted using mathematical model developed by
the authors of this paper presented in [19].
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Table 1. Results of calculation of the dependence of theoretical product fineness and power for
circulation of grinding media on the value of the minor semi-axis of an oval rotor [19]

¢, mm Product fineness, um Power, Wt

2 0.2 6106

0.22 5785

0.25 5463
8 0.28 5142
10 0.31 4820
12 0.36 4499
14 0.41 4178
16 0.49 3857
18 0.58 3535
20 0.7 3214
22 0.87 2893
24 1.1 2571
26 1.44 2250
28 1.97 1928
30 2.83 1607
32 4.43 1286
34 7.86 964
36 17.7 643
38 70.8 321

Note: compiled based on the data [19]

As it follows from Table 1, change the value of minor semi-axis from 2 mm to 38 mm leads to
the change of the power from 321 Wt (¢ =38 mm) to 6106 Wt ( ¢ =2 mm). In Fig. 7, the graph
of dependence of product fineness and power on the value of minor semi-axis is depicted.
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Figure 7. The graph of dependence of product fineness and power on the value of minor semi-axis
Note: compiled based on the data [19]
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It is obviously that the value of ¢ = 2 mm corresponds to the maximum product fineness
(0.2 um). However, the power expended for grinding media circulation increases. Therefore, the
value of minor semi-axis is selected based on the condition of providing product fineness not
less than 5 um and rational value of power expenditures. Therefore, let us accept that the value of
semi-minor axis of oval rotoris ¢ =30 mm. Thus, the parameters of oval stirrer are major semi-axis
¢ =30 mm and minor semi-axis b =40 mm.

The parameters of the spring elements are calculated based on the standard methods [20].
According to the calculations, number of turns of one spring is 6, spring diameter is 64 mm,
thickness of spring coil is 6 mm, and spring stiffness coefficient is 8085 kN /mm?.

Conclusion

In this paper, geometrical parameters of new design of oval stirrer used in innovative rotor-
vibration type of mill are investigated and determined. New design of mill provides more
effective comminution process on the criteria of product fineness and energy efficiency. The
features of the new design are using oval rotor and vibration drive with spring elements. The
improvement of the design of mill leads to periodic compressive and tensile stresses in the
particle that contributes creation of Rebinder effect. The results of investigations showed
that the value of major semi-axis of ellipsoidal rotor is 40 mm, the value of minor semi-axis
of ellipsoidal rotor is 30 mm. The parameters of the oval rotor are defined based on providing
required product fineness and minimal energy consumption. The investigations results can be
used in the process of production of effective design of rotor-vibration type of mill providing
high product fineness and energy efficiency.
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Nomenclature

D.,,; Chamber diameter

b Major semi-axis of oval rotor
c Minor semi-axis of oval rotor
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dgy  Grinding media diameter

0 Mill productivity

Vo Volume of interspherical channels
NQ

Number of interspherical channels

ty Time of movement of the grinded material through interspherical channels
H, Total height of grinding media
K Coefficient of resistance to free movement of material

g Acceleration of gravity
Ngy,  Number of grinding media
Pem  Chamber filling ratio with grinding media
K por Porosity coefficient
ZVGM Total volume of grinding media (without porosity)
Vpor Volume of the porosity
0 Angle of intersection of the lines connecting the centers of the grinding media

Riy  Grinding media radius
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ZTopatirbipos yHusepcumemi, [lasaodap, Kazakcmau

HWHHOBaLUAJIBIK POTOPJIbI-Aipii AUipMeHAepiHje }KaHa CONAK, POTOPAbIH, KOHCTPYKIUSACBIHBIH,
reoMeTpUsJIbIK IapaMeTpJiepiH aHbIKTay TICLIi

AngaTna. Ycak »koHe aca ycaK YHTaKTay IpoLeciHJe KOJJAaHbLIATBIH JUipMeHJepAiH Herisri
KeMUIJIiKTepl peTiHZe 6HIMHIH ycaKTajly JAopexeciHiH LIeKTeJyi MeH 3Heprus TUIMIIIIriHIK
TeMeHJiri aTtan eTisieni. bys MaceseHi miely ymiH yHTaKTay NpOLLECiHIH KaHa IPUHLUII MeH poTop-
BUOPALUSJIBIK THUITETI AUipMEHHIH WHHOBAIHUAJIBIK, }X00aChl YChIHBLIA/bL. JIUipMeHHIH, }K006aChIHbIH
HeTi3i — GeseKkTep/iH OepiKTiriH TeMeHJeTeTiH >XoHe HOTHXKeCiHJle eHIMHIH ycaKTany Aapexeci
MeH 3Heprusi TUIMALMIriH apTThipaThiH Pebungep acepi. PoTop-BubGpanusiblK TUITEri AUipMeHHIH
MbICca/ibl peTiHJe, MaKaJjaZa CONaK pPOTOpJbl, YHTAKTayllbl OPTaHbl, cepinmesi asjeMeHTTepi 6ap
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BUOpALMAJIBIK JKEeTeK >KyHeCiH KaMTUTbIH KOHCTPYKLHUS YCbIHbLIAAbL /JluipMeH K06acCbIHBIH,
epeKIleJIiri OHbIH, apaJacTbhIPFBILIBIHBIH, CONAK, MilliHiHAe *KaTbIp. [JlereHMeH, conak, poTOp MilliHiHIH,
epekilesiriHe 6aiIaHbICThI, POTOP/IbIH, TEOMETPUSIBIK TapaMeTpJiepiH (Herisri »xkaHe Killi xkapThloci,
OMiKTIri) aHbIKTayFa KaTbhICThI elKaHAal aficTep oK. OcblFaH 6aliJIaHbICTbl MHHOBALUSJIBIK, POTOP-
BUOpALMAJIBIK TUIITET] AUipMeHep/eri )kaHa collak KOHCTPYKL U HbIH TeOMeTPUSI/IbIK TapaMeTpJiepiH
aHBIKTAy 9Jici YChIHBLIAABL. 3epTTey HaTHXKeJepi aHA JUIPMEH KOHCTPYKLHAJAPBIH >KobaJjay
npoueciH/e, YHTaKTayAblH YCaK »oHe aca ycak a/ici HerisiHJe KoJ1LaHblJIybl MYMKIH.

Ty#iH ce3aep: ycakray npoleci, 6ucepJsiik ycaKTaFblll, YHTAKTay OpTachl, TeOMeTPUSAJIBIK, Tapa-
MeTpJiep, 6HIMHIH YCaKTbIFbl, 3Hepryus THIMA T, yCaKTaFbIIIThIH, KOHCTPYKLUACHI.

C.P. BaiirepeeB*!, I.A. I'ypbsanoB?, A./l. CysneiimeHoB?, P.Fa6abicanbIk’
!BocmouHo-Kazaxcmawnckuil mexHuveckuil yHugepcumem um. /l. Cepukbaesa,
Yemub-KameHnozopck, KazaxcmaH
2Topatievipos yHusepcumem, [lagsnodap, Kazaxcman

IMoaxoA K onpeae/IeHUI0 reOMeTPUYECKUX NIAaPpaMeTPOB HOBOI OBa/IbHOM KOHCTPYKLIMHU POTOpa
B UHHOBAIlUOHHBIX MeJIbHUIIAX POTOPHO-BUGPAIMOHHOTO THIIA

AnHoTanusA. Cpesit OCHOBHBIX HeZJOCTaTKOB MeJIbHULY, UCII0JIb3yeMBIX /IS ITpoliecca TOHKOTO U CBepX-
TOHKOT'0 U3MeJIbYeHUSs], BbIJEeJISI0TCS OrpaHUYeHHasi TOHKOCTb MPOJYKTa U HU3Kas sHepreTuyecKas
s¢dexTUBHOCTL. B KadecTBe pelieHHss Npo6JieMbl IpeJJaraeTcs HOBBIM NPUHLHUI Ipolecca
M3MeJIbieHHUs] M HMHHOBALMOHHOE pelleHWe KOHCTPYKIMA MeJbHUIBI POTOPHO-BUOPALMOHHOTO
TUna. B ocHOBe KOHCTPYKIUMU MeJbHHUILI - 3¢deKT PebuHepa, CHMXKAUIUN MPOYHOCTb YAaCTHUI]
W, CJleloBaTeJIbHO, YBeJWYMBAIOIIMN TOHKOCTb NPOJYKTa U 3HepreTudeckyr 3¢deKkTHBHOCTb. B
KauecTBe IpUMepa MeJIbHULbl POTOPHO-BUOPALMOHHOrO TUIIA B CTaThe NpeACcTaB/leHa KOHCTPYKLUS,
BKJIIOYAlOllasi OBaJIbHbIA POTOp, M3MeJsbyalolive Tesla U BUOPALMOHHBIA NMPHUBOJ, C NMPY>KUHHBIMHU
aseMeHTaMU. OPUTrMHAJIBHOCTh KOHCTPYKLIMK MeJIbHUIbI 3aKJII0YaeTCsl B 0BaJIbHOU dopme poTopa.
OziHaKo, U3-3a OPUTMHATBHOCTH GOPMBbI 0BaJIbHOTO POTOPA, OTCYTCTBYIOT MOJXO/bI JIJ1S ONIpe/ie/IeHUs
reoMeTpUYeCKUX NapaMeTpoB poTopa (6osbpliafg M Majas MOJYoCcH, BbicoTa). B cBA3M ¢ 3tum,
NpezCcTaBJeH NOAX0/ [JIsl OTlpe/iesIeHUsI TeOMeTPUYECKHX TapaMeTPOB HOBOM 0Ba/IbHOM KOHCTPYKIIUH
poTopa B MHHOBAIMOHHBIX MeJIbHULAX POTOPHO-BUOPAILIMOHHOTO THUMA. Pe3ynbTaThl Hccae0BaHUsA
MOTYT ObITb UCI0/Ib30BaHbI B IPOLIECCE TPOEKTHPOBAHUS HOBBIX KOHCTPYKLIMI MeJIbHUL, 0OCHOBAaHHBIX
Ha POTOPHO-BUOPALIMOHHOM MeTO/ie TOHKOI'O U CBEPXTOHKOT'0 U3MeJIby€eHUS.

KiroueBsle cj10Ba: npolecc u3MesibieHus, 6McepHas MeJbHHULA, MeJIOLMe TeJla, FTeoOMeTpUYecKue
napaMeTpbl, TOHKOCTb I0M0J1a, 3HePro3$pPeKTUBHOCTb, KOHCTPYKIUSA MEJbHUIbIL.
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