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STUDY OF THE PARTICLE DYNAMICS
IN IMPACT-CENTRIFUGAL MILLS

Abstract. Proceeding from the analysis of operation of impact-centrifugal mills, requiring extremely high
energy costs, of particular interest is the search for sources, enabling to minimize these costs. Along with the
structural elements and assemblies, as well as the technological service, a great role here is played by the influence of
the dynamics of particles, formed during grinding. In its turn, the velocity nature of crushed particles’ motion is a
function of such variables as the design of impingement clements, the direction of impact, the particle’s
configuration and the material, to which it belongs, as well as a number of other factors.

The paper presents the analysis of design schemes of impact-throwing type mills with different shape and
location of accelerating blades. There is considered the common case of the material’s particle motion along the
accelerating arc blade, located in the horizontal plane, and there is given the design scheme.There is graphically
considered the direction of the total velocity of a particle at different location of blades, and there is suggested the
dependence of the particle’s impact impulse on the particle’s descent angle. There are obtained the laws of material’s
particle motion in the impact-centrifugal mill with the blades of arc profile of variable radius, there are established
the basic laws, permitting to determine the impact impulse and, accordingly, the grinding efficiency, depending on
the blade profile.

Keywords: the impact-centrifugal mills,thedesign scheme, the particle, the velocity, the motion, the operating
device, the rotating rotor, the impact impulse, the profile, the efficiency.

Introduction.

Grinding processes are very common in many industries. These, in particular, include: the production
of building materials, food production, pharmacology, recycling.

A. Griffiths and A. Ioffe made a significant contribution to the study of fracture mechanics [1, 2].
Taking into account their work, many researchers studied the physical bases of the processes of
destruction [3 — 5], laying the Foundation for modern hypotheses and assumptions. Particularly important
attention was paid to the problems associated with specifying the grinding work, since this process itself is
very energy-intensive. The first attempt to identify the energy costs of grinding was made by P. Rittinger.
According to his hypothesis, it follows that the work spent on grinding is proportional to the size of the
newly formed surface in the crushed material. A bit later, F. Kick and V. Kirpichev [6 — 8], independently
from each other, put forward a hypothesis that the energy, required to obtain similar changes in the
configuration of geometrically similar bodies of the same technological structure, change like the weight
or volume of these bodies. P. A. Rebinder [6, 7] combined the hypotheses of Rittinger and Kick-
Kirpichev, considering that the destruction occurs after the piece’s deformation and the total work of
crushing is the sum of the work of deformation and the work of new surfaces” formation.

The above researchers laid the foundations of fracture mechanics, established the laws for specifying
the fracture work, however, in spite of this, currently there is no clear theory of this process. This is
determined both by the complexity of the phenomena, observed in the material during destruction, and by
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the practically infinite variations in the properties of the materials themselves, such as hardness, density,
plasticity and many others.

At the same time, many researchers note that for most materials, especially for fragile and fragile-
flexible, the most acceptable in terms of energy efficiency are such methods of grinding as crushing and
impact [9 — 15]. Upon impact, in the material there occur considerable short - term internal forces, which
result in the appearance and development of cracks that destroy the integrity of the material. Therefore,
impact mills are widely used in grinding of various materials [11,12, 15].

Basically, the working body of such mills is a rotating rotor, usually in the form of a disk with the
accelerating blades, installed on it. When the rotor rotates, the crushed material, fed into its inner cavity,
moves under the influence of inertial forces along the accelerating blades from the center of rotation to the
periphery. Breaking off from the blades at a certain speed, the material’s particles hit the fixed impact
surface and break down into smaller parts [16 — 18].

The efficiency of impact grinding depends on the speed, at which the particle hits the impingement
clement, and the angle between the velocity vector and the normal to the impingement surface in the
impact point of the particle. The greater the speed of the particle at the time of impact and the closer the
impact angle in relation to the normal to the impact surface to zero, the more effective the grinding
process. Therefore, we can assume that the grinding efficiency is affected by the profile and location of
the blade. In addition, it should be noted that when the abrasive particles move along the blade, there is an
intense abrasion of its surface. In this regard, the task is to select such parameters of the blade profile, at
which the pressure on it will be minimal, which, in its turn, will reduce the friction force and increase the
durability of the blade.

Typical designs of rotors in impact-throwing type mills in most cases are provided with radial
accelerating blades (Fig.1, a) [16-18]. These blades are easy to manufacture and therefore they are widely
used in rotary mills. The results of studies of the material’s movement in mills with radial blades are
presented in many works [16-20].

a b c

Figure 1 — The design schemes of impact-throwing type mills with different shape and location of accelerating blades

Therefore, the purpose of further research was to investigate the material’s particle dynamics in
impact type mills with arc blades of variable radius; to determine the influence of geometric
characteristics of impact-centrifugal mills with different types of blades on the efficiency of impact
grinding.

Study methods. To carry out the studies, there were used the numerical and analytical methods with
the use of computers.

Studyresults. The material to be ground, before reaching the blade, is fed into the central part of the
rotor, from where, under the influence of centrifugal forces, it moves to the inter-blade space. Despite the
fact that the material is supplied as a continuous flow, it can be considered that the movement of particles
along the blades occurs separately, since their speed in the radial direction is constantly increasing, so they
move apart from each other. Also, in [21] it is pointed out that for mill sizes of grinded pieces of material
of the order of 10 mm, mill loading cannot be considered a bulk medium, it is allowed to consider the
motion of single particles.

Let’s consider the general case of the material’s particle movement along the accelerating arc blade,
located in a horizontal plane (Fig. 2). Here we believe that the blade has a constant curvature radius R,
and the particle is presented by a material point M.
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h — a distance from the rotor center to the beginning of blades, R, — the radius-vector module n

Figure 2 -Thedesignscheme

Let the particle be in any point of the blade surface. Here we assume that the rotor rotates at a
constant angular velocity o. In relative motion, the particle will be affected by the centrifugal inertial force
®,, the Coriolis inertial force ®,, the force of the particle’s friction on the blade surface F,, and the
reaction of the support surface N. The force of acrodynamic resistance will be neglected by us, since the
centrifugal force of inertia is by an order of magnitude more than the force of acrodynamic resistance. The
particle’s motion along the blade in the axial direction of the rotor, i.¢. across the blade, is not considered,
since the value of gravity force at operating frequencies of the mill rotor rotation is by orders of magnitude
less than the values of inertial forces.

The system of equations, describing the motion of a particle along the arc blade in a natural
coordinate system (Fig. 2), will be written as:

ms = mw’R, cosa— Nf .

%)
m%z—N—m(ozR, sino + 2mos (1)
1
where m — the mass of a particle, s — the arc coordinate, measured from the beginning of the blade, o — the
mill rotor angular velocity, f— the coefficient of sliding friction, N — the support’s reaction.
The system of equations (1) completely describes the motion of particle M, if we know explicit
expressions for the radius vector modulusk,, cosa and sina as a function of the generalized coordinate s.

These expressions are easy to find with the help of Fig. 2. From the right triangle OBM we obtain

2 2
R? =(hsin(60 +%)j +(hcos(eo +%)+2R1 sin%j | @)

Angle 0, is the inclination angle of the tangent to the starting point of the blade. This angle specifies
the orientation of the blade curvature radius R1 in the plane of the rotor.
FromFig. 2 itfollowsthat

cosaL = R%(h cos(6, + @) + R sing),

t

sin o = —(/sin(8;, + @) + R (1 - cos9)). 3)

&
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Taking  into  account that the  angular coordinate ¢ =s/R from  system
OwwubKa! UcToUYHMK CCbIJIKM He HaliaeH., with taking nto account
Owmnbka! UCTOYHUK CCbINKM He HalgeH., we derive the equation of the particle motion as

w2 S S N
§=wo"| hcos(6, + + R, sin — , 4
[ (B Rl) ! RIJ / m *)
where the support reaction

-2
—ml 205 =3~ — 02 (hsi S+ R - R cos2) |
N m( 08— o ( sm(60+Rl)+ . 1cosRl)]

1

From the nonlinear differential equation (4) it is possible to obtain special cases of the particle motion
along the rectilinear inclined and radial blades. For this, it is needed to carry out the limiting transition
Ry — 0. As a result, we obtain a linear differential equation of the particle’s motion along the rectilinear
inclined blade:

§=0"(hcosB, +s)— f N/m,
N =m(2®s — »*hsinb,). (5)

If the blade is radial, i.e. 6, = 0, then the equation of motion has the form:

§=w’(h+s)—fN/m,
N=m2os. (6)

The solution of equations (5) and (6) can be obtained in the analytical form, equation (4) is integrated
numerically, but the determination of the particle’s position on the blade as a function of time is of no
interest, since for grinding efficiency analysis it is necessary to know the full speed of the particle at the
time of its descent from the blade and the direction of this speed. The analysis of equation (4) shows that
the friction force component is much smaller than the inertial component, hence it can be concluded that
the friction force will not significantly affect the magnitude and direction of the total speed of the particle,
so in further calculations it will be neglected. In this case, we can obtain the first integral of motion for
equation OwmbKa! UCTOUHUK cCbIIKK He HaiiaeH. which makes it possible to determine the reaction of a
support surface NV as a function of the particle’s position on the blade s.

§* _ 2 : s : 2 s
=0 | AR, (sin(6, + =) —sin(0,)) + R (1 - cos—)], (7)
2 ( 1 0 Rl 0 1 Rl

The integrals, similar to (7), are obtained for rectilinear inclined and radial blades by integrating
equations (5) and (6) or by performing a limit transition R;— o for equation
OwmnbKa! UCTOUHMK CCbIKU He HailgeH. .

22 2

%:ooz(h00560s+%), (8)
*2 2
%:mz(hs+%). ©9)
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Equation Ownbka! UCTOYHUK CCbINKKM He HaigeH. can be derived by writing the theorem of the
particle kinetic energy change in the rotating coordinate system

2 mo*R? 272
m2S: 2t_77’l(,02h’ (10)

where in the right part there is recorded the work of the centrifugal inertial force during the particle’s
relocation from the initial position 4 to the current position &;. Then from (10) we have

S'Z:ooz(Rf—hz). (11)

By putting expression (2) into equation (11), we obtain (7). Expression (11) leads to an important
conclusion: the particle’s relative velocity module during its departure from the rotor (when R; = R,,) does
not depend on the profile and location of the accelerating blade.

§=V, =0\R%, —h* =const. (12)

The direction of the relative velocity vector, of course, will depend on the shape and location of the
blade (Fig.3).

Rpor — the rotor radius; Ry —the impingement surface radius.

Figure 3 - The direction of the particle’s total velocity at various blade positions

Let’s decompose the particle’s total velocity at the moment of its descent from the blade to the radial
component v, and the tangent component vy

v,=V.cosa v, =0R  —V sma,.. (13)

where o, — the angle value a at the time of descent of the particle from the blade (the angle of descent) is
determined by formulas (3). Then the square of the particle’s total velocity, with taking into account (12),
will be
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Vi=vr+v=20°R2 (1 — \/1 — (h/RpOT)2 sinoccj O (14)

The formula shows that for the blade, at the end of which sina, = 0 (for example, a radial blade), the

square of the particle’s total velocity at the moment of its descent from the blade will be
v,?=20’°R., —o’h’.

The rate of descent of a particle from a rectilinear inclined blade will depend on the direction of the
slope of this blade (in the direction of the angular velocity @ or opposite to it, Fig. 3). The limit transition
R, — oo for such a blade, according to (3), gives sina., = 4/R,,,s1n6, and, in accordance with formula (14),
the total speed of the particle with the passing blade inclination v > v;; (since the blade inclination angle 6,
in this case is negative) and v <v; with the blade inclination in the direction, opposite to the angular
velocity @. Similar conclusions can be made for the arc blade.

The value of the particle’s total velocity says nothing about the grinding process efficiency, since the

impact impulse accounts for only part of this velocity. The impact impulse can be determined by the
formula

p=mvcosf, (15)

wherep — the angle between the vector of total velocity and the normal to the surface in the point of
impact of the particle (Fig.4).

Figure 4- Determination of the particle’s impact impulse.

Using the sine theorem for triangle OBC (Fig. 9), we derive

2

R 2
cosP=,[1- RPOT (%‘j (16)

H

whereR;; — the radius of the mill's impingement surface.
Then the particle’s impact impulse (15), with taking into account (14) and (16), will be
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pe= m\/v,f +v? (1 — (RPOT/RH )2) . (17)

In formula (17) the first summand under the root determines the contribution of the radial component
of the total velocity; the second summand - the contribution of the tangential component. If to solve the
problem for extremum of the impact impulse function (17), then the particle’s descent angle, at which the
maximum impact impulse will be reached, at a specified R,../Ry ratio, is determined by the formula

1-(R,, / F
— (Ry | R
JI-(h/ R, Y

(18)

The maximum impact impulse here will be

Doax = MO RS —h* (19)

The analysis of formula (17) showed that with increasing the radius of the impingement surface, the
impact impulse maximum 1is shifted towards the negative values of angles of the particle’s descent from
the blade (for example, if the blade is inclined in the direction of the angular velocity). The dependence of
the impact impulse on the angle of the particle’s descent from the blade for different values ofk = Ry/Ry0,

is shown in Fig. 5.
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Figure 5 - Dependence of the particle’s impact impulse on the angle of the particle’s descent

From the figure it is seen that the impact impulse increases with increasing radius of the impingement
surface, but in practice to achieve an increase in the impact impulse in this way is difficult, since during
the particle’s movement in the space between the rotor and the impingement surface there are appearing
the air flows that greatly slow down the speed of the particle, so the gap between the rotor and the
impingement surface is usually made minimum, so that £ = Ry/R,.. does not exceed 1.05. If to assume
Ryo/Rg = 1, then formula (17), with taking into account (12), can be approximately written as

p=mV, cosa, =mo,R. —h*cosa,. (20)

From formula (20) (and from Fig. 4) it is seen that at R,,./Ry ~ 1 the maximum impact impulse is
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achieved during the particle’s descent from the blade, having a. = 0. This value o, can be achieved either
on the radial blade or on the arc blade, at the end of which the tangent to this blade t will coincide with the
radius vector R,. Thearcblade,providinge,, = 0, isshowninFig. 6.

O

Figure 6 - Determination of the arc blade’s optimal angle of inclination 6,

From the right triangle OO,C in Fig. 6 we can determine the dependence of the arc blade’s angle of
inclination 6, from the radius of its curvature, which will provide o, = 0.
2 2
R, —h

sin@o = _TR% 20
1

The sign "-" in formula (21) shows that to ensure the condition o, = 0, the blade must be tilted in the
direction of the angular velocity . From formula (21), we obtain the possible range of variation of the
curvature radius

R —h?
2h
with the angle 6, changing from —n/2 to 0.

<R <o, (22)

Conclusions. In the course of research there were obtained the laws of motion of the material’s
particles in an impact -centrifugal mill with blades of an arc profile of variable radius, there were
established the basic mechanisms that allow to determine the impact impulse and, accordingly, the
efficiency of grinding, depending on the profile of the blade.
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COKKBLIBI-OPTAJAH TENKIII JUIPMEHAEPAEI'T
BOJIIIEKTEPAIH JTUHAMUKACBHIH 3EPTTEY

AnHoTtanmms. Aca 3HCPTHS IIBIFBIHIABI OOJBIN KEICTIH COKKBUIBI-OPTAJAH TCHKIM AHIPMCHACPIIH >KYMBICBIHA
TanAay HETI3IHAE, OCHl INBIFBIHAAPABI A3AMTATBIH KO3ICpAl 13JCCTIPY CpPEKINE KBI3BIFYIIBIIBIK TYIbIPAIbL
KypsuibIMABIK 3JIEMEHTTED MEH TYHIHACPMEH KaTap, TEXHOJOTHSIBIK CEPBUCIICH KaTap, OeIIeKTepaiH
JTUHAMHKACBIHBIH OCCpPl MAHBI3ABI POJI aTKapamel. O3 KE3CTiHAC, YCAKTaTFaH OOMICKTCPIiH KO3FAIBIC
SKBUTIAMABIFBIHBIH, CHITATHI AWHAIABIPY 3JIEMCHTTCPIHIH KOHCTPYKIMSCHL, dCEp €Ty OarbIThl, O6NIICKTepAiH
KOH(HUTYpAIMACH JKOHC OFAH THCCLNI MaTtepuan, COHmal-ak Oipkarap 0acka (pakropiap CHAKTH aHHBIMATBLIAPABIH
(PyHKISCHI OO0JTBIN TAOBIIA/IBI.

KympIcTa opTYpi MMIHACTI COKKBUIBI-TAKTBHIPBUIFAH THITETI AMIPMEHACPIIH C€CENTIK CYJI0aNapbhIHA JKOHE
SKBITIAMAATKBINI TBIIAKTAPABIH OPHANACYBIHA Talgay >KYprizinmi. ['OpM30HTANb >Ka3bIKTHIFBIHAA OPHAJIACKAH
JOFANBIK SKBUTIAMIATKBIN JKy3i OOHWBIHOAFHI MATCPHAIBIH OOMICKTCPIHIH KO3FAIBICHI KAPACTHIPHUTABI KOHC
ecentey cyadacsl Ocpinmi. bemmekrepmiH opTypai opHAmAcysl 0ap O6MMICKTCPHiH KANMBI SKBUTAAMIBIK OAFBITHI
rpauKaNbIK TYPAC KApacCTHIPBUIIABI KOHE OOMIEKTIH 9CEep €Ty CEPIiHIH OOMIEKTEPAIH KeTy OYPHIIBIHA TOY CIIALIITI
YCHIHBUIIBL. benmmekrepaid opTypIii opHanacys! 0ap OeNmIeKTepAiH JKaTIbI )KbLIIIAMIBIK OAFBITHI TPa()HKAIBIK TYPAC
KapacThIPBUIABI JKOHE OOJIICKTIH 9CEp €Ty CEpIiHIH OOMMIEKTEPAiH KeTy OYPBHIIBIHA TOYCIILUNTII YCHIHBLIAIBL.
AVHBIMANBl pamMyCTapAblH JOFanbl MPOQUIIHIH MBINIAKTAPBIMEH COKKBI-OPTAZaH TENKIII JHIPMEHZCTI
MaTepHaNAbIK O6MICKTEPAiH KO3FANbICHl TYpPalbl 3aHAAP ANBIHBI, MNBINAKTHIH OcifiHiHe OANIAHBICTBI dCEp €Ty
HMITYIIBCIH >KOHE, THICIHINE, TETICTEY THIMIUITIH aHBIKTAYFa MYMKIHIIK OCPETiH HET13Ti 3aHABLIBIKTAP OPHATHLIIEL

Tyiiin €631ep:COKKBIIBI-OPTATAH TCNKIIT AWIPMCHIACP, CCEMTIK Cyi0a, O6MmeK, >KbUITAMABIK, KO3FAJbIC,
SKYMBIC OPTaHBI, AaHHATIMANBI POTOP, COKKBLIBI UMITY JIbC, TIPO(HITB, THIMALTIK.

— 100 ——
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HCCIENOBAHUME JUHAMHWKH YACTHIY
B YJIAPHO-IEHTPOBEKHBIX MEJBHUIIAX

Annotamust. Micxoas w3 ananmsa paboThl yIAPHO-IICHTPOOCKHBIX MEJIBHHUL, SIBJUIFOIIIXCS 3HEPrO3aTPATHBIMH,
0COOBII MHTEPEC MPEACTABIICT IMOWCK MCTOYHUKOB, NMO3BOJLIOIINX CBECTH K MHHHMYMY 3TH 3aTtparsl. Hapsay c
KOHCTPYKTHBHBIMH 3JICMCHTAMH U Y3JaMH, A TAKKE TCXHOJIOTHYECKAM CEPBUCOM, OOJBIIYIO POJIb MPH 3TOM HIPACT
BIMSTHAC TUHAMHUKH YaCTHII, IBIKYIIMXCS B POTOPAX MEJIbHHUI. B CBOIO ouepesb, CKOPOCTHOH XapaKTEp IBIKCHHUS
HM3MEIBUCHHBIX YACTHI[ SBILIETCS (DYHKUMEH OT TAKUX IEPEMEHHBIX, KaK KOHCTPYKIHS OTOOMHBIX 3JIEMCHTOB,
HANPABICHUE yAapa, KOH(UTYpanus YaCTUIBl M MATEPHAN, K KOTOPOMY OHA NPHHAIICKHT, a TAKKE PAAa JPYTHX
(haxTopoB.

B pabore BBITIOTHEH aHATHN3 PACUCTHBIX CXEM MEIBHHIL YAAPHO-METATECIBHOTO THIIA C PA3IUIHBIME (DOPMaMH U
PaCTIONOKEHIEM PA3TOHHBIX JOMATOK. PaccMOTpeH oOmpmii ciayvyail JBIDKCHHS YACTHIBI MaTepHaia Mo IyTOBOH
PA3TOHHOH JIOTMATKE PACHOJOKCHHOH B TOPH30HTANBHOHN IUIOCKOCTH M NPUBEICHA pacdeTHas cxema. [padmiecku
PacCMOTPEHO HAIMpPAaBJICHUE IIOJHOM CKOPOCTH YACTHIbI NMPH Pa3IMYHOM PACHOJIOKECHHHU JIONATOK M MPEAIOoKeHA
3aBHCHMOCTDh YJAPHOTO HMITYJIbCA YACTHIBI OT VIJIA CXOJAa 4YacTHObL [IOIydeHBI 3aKOHBI ABIDKCHUS YACTHIL
MarepHaia B YJAPHO-LEHTPOOCIKHOM MEIBHHLE C JIONATKAMH JyroBOro NPOQHIi INEPEMEHHOIO paimyca,
VCTAHOBJICHBI OCHOBHBIC 3aKOHOMCPHOCTH, ITO3BOJLIIOIINE OMNPEACTHTh YIAPHBIA HMITyJIEC M, COOTBETCTBEHHO,
3((PEKTUBHOCTD H3METBUCHHUS B 3AaBHCHMOCTH OT MPOQHIIST JTOTATKH.

KimoueBbie c10Ba: yAapHO-IICHTPOOCKHBIC MCEJIBHHIBI, PACUCTHAS CXEMA, YaCTHUIA, CKOPOCTb, JBHIKCHHE,
paboumii OpraH, BPAINAONIHHCS POTOP, YAAPHBINH UMITYJIbC, MPO(Hib, 3P(YEKTHBHOCT.
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