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Abstract

Effect of the degree of chamber filling with the charge on efficiency of the self-
oscillating grinding process in a tumbling mill has been assessed.

By using the approximate analytical and experimental method, dynamic effect of
increasing the self-oscillating impact action of grinding fill on the crushed material
was compared with the conventional steady-state motion mode. A significant
increase in average sums of vertical components of the self-oscillating collision
momenta and the average sums of power of such components with a decrease in the
chamber filling degree was found. Manifestation of this effect is due to the increase
in the self-oscillations swing with decreasing filling.

Technological effect of significant decrease in the specific power intensity and
productivity growth of the innovative self-oscillating grinding process as compared
to the characteristics of the conventional steady-state process with a reduction in the
chamber filling degree have been experimentally established.

The effects established in operation have allowed us to predict rational
parameters of the self-oscillating grinding process carried out in a tumbling mill with
variation in the chamber filling degree

Keywords: tumbling mill, chamber filling degree, fill self-oscillation, specific
power intensity in grinding

Introduction
Due to a series of their operational advantages, the tumbling type
mills remain to be the main equipment in many industries for small-
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and large-tonnage fine grinding of solid materials.

Replacement of the conventional steady-state grinding process
with a novel self-oscillating process improves existing equipment of
relatively low power efficiency [1,2]. Use of the phenomenon of
excitation of self-oscillations makes it possible to apply conventional
solutions to designing the tumbling mills with a smooth working
chamber surface without additional activating elevators in a form of
protruding elements which undergo rapid abrasive wear.

On the other hand, significant variability of the self-excited
pulsation behavior of the rotating chamber fill depending on
structural, kinematic, and technological parameters of equipment
operation [3-7] makes it difficult to establish rational conditions for
effective realization of the self-oscillating grinding process.

The data obtained from numerical simulation and experiments
have shown a significant influence of the chamber filling degree « on
parameters of the grinding process occurring in the tumbling mills.
This effect consists in a growth of the impact action of the grinding
fill with a decrease in k. Instead, with an increase in k, impact action
is reduced and the abrasion effect increases, dissipation of kinetic
energy of the grinding bodies increases because of collision and the
grinding power efficiency is reduced. However, these results relate
just to a conventional grinding process at simple conditions of steady-
state intrachamber fill motion.

No models have been constructed to date to determine effect of
the chamber filling degree k on grinding parameters in self-excitation
of a complex mode of transient motion of the pulsating fill. Absence
of such models is particularly negative in the case of realization of the
innovative self-oscillating grinding process in tumbling mills.

In view of the above, the problem of predicting the effect of the
degree of filling the chamber with the fill on dynamic force of the
grinding bodies applied to the particles of the crushed material as well
as on the technological and power efficiency of the process of self-
oscillating grinding in the tumbling mill seems rather relevant.

1. The aim and objectives of the study
The study objective consists in establishing the effect of chamber
filling degree on characteristics of dynamic action of the fill and
technological and power parameters of conventional steady-state and
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innovative self-oscillating processes of grinding in a tumbling mill. It
would make it possible to predict efficiency of realization of self-
oscillating grinding processes at a varying degree of filling the
chamber with fill.

To achieve this objective, the following tasks were set: to perform
analytical and experimental modeling of dynamic action of the fill; to
perform experimental modeling of technological and power
parameters of the grinding processes in a tumbling mill.

2. The process of grinding in a tumbling mill
It is convenient to use dimensionless criterial parameters for
modelling the grinding process in a tumbling mill. The drum rotation

is defined by relative velocity w, =,/R/g where w is the angular

velocity of rotation; R is the radius of the drum chamber; g is
gravitational acceleration.

Useful filling of the drum is defined by the degree of filling the
chamber with the fill k=w/(zR*L) where w is the volume of the charge
at rest; L is the length of the drum chamber.

Conventional steady-state grinding process in a tumbling mill is
realized at a moderate relative rotational velocity y,=0.7-0.9. At the
chamber filling degree ¥=0.25-0.45, the fill circulates in a three-phase
mode with formation of three flow zones in the chamber cross-section

(Fig. 1).

Fig. 1. A pattern of steady-state fill motion with absolute d and relative d/(2R)=0.01-
0.03 particle size, y»=0.75: a— x=0.45; b — k=0.35; ¢ — k=0.25

Conventionally, grinding (Fig.2) is performed mainly by an
impact action on the boundary BC of transition from the zone of
restricted fall 2 to the zone of the creeping layer 3 and the abrasion
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action in the creeping layer 3. Technological results of grinding
resulting from such actions are commensurate.

Fig. 2. Design diagram for determining the fill impact in a steady motion at
d/(2R)=0.01-0.03 and w»=0.75 (according to Fig.1) (1 — solid state zone; 2 —
restricted fall zone; 3 — creeping zone): a — k=0.45; b — x=0.35; ¢ —x=0.25

The innovative self-oscillating grinding process in a tumbling mill
is realized in the case of increased rotational velocity y,~1-1.2. At
x=0.25-0.45, a pulsating zone of oscillating fill flow appears due to
self-excitation. The creeping layer and the restricted fall zone
partially (Fig. 3 and 4) or completely (Fig.5) transform into this

zone.

Fig. 3. Consecutive patterns of the ﬁl motion over time for one period of self-
oscillations with a maximum swing at d/(2R)=0.01-0.03, ¥=0.45 and yw=1.1
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Fig. 4. Conseutive patterns of the fill tion over time for one period of self-
oscillations with a maximum swing at d/(2R)=0.01-0.03, x=0.35 and w»=1.075

Fig. 5. Consecutive patterns of the fill motion over time for one period of self-
oscillations with a maximum swing at d/(2R)=0.01-0.03, ¥=0.25 and y»=1.05

The self-oscillating grinding (Fig. 6) is realized by an impact
action on the BCE boundary including sections BC and CE. The BC
boundary corresponds to the transition of the restricted fall zone 2
(Fig. 6a and 6b) or the pulsation zone 4 (Fig. 6¢) to the solid state
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zone 1. The CE section corresponds to the contact of the pulsation
zone 4 with the chamber surface.

Fig. 6. Calculation diagram for determining impact of the fill in a self-oscillating
motion at d/(2R)=0.01-0.03 and y,=1.075 (according to Fig. 3-5) (1 — solid state
zone; 2 — restricted fall zone; 4 — pulsation zone): a — k=0.45; b — ¥=0.35; ¢ — k=0.25;

The adopted qualitative model of fill behavior (Fig. 1-6) makes it
possible to perform quantitative analysis of dynamic action for
various chamber filling degrees «.

3. Analytical modeling of impact action of the fill

It is convenient to estimate technological results of the grinding
process at conventional and self-oscillatory modes of a mill by per-
forming a comparative analysis of parameters for the filling's impact
action only.

When a grinding particle M, hits the respective surface of the tran-
sition between zones of the filling's flow, there occurs a jump-like
ultimate change in its speed over a small time 1. In this case, the con-

tact's surface is exposed to impact force FV A measure for the im-
T

pact interaction is the impact pulse S, = ijdt.
1

Duration of the impact is very low (z=1072...10* s). Since the im-
pact pulse S, has a finite value, the impact force module of the milling
body could be quite large (F,—o at 7—0), which ensures the imple-
mentation of grinding process via the impact action. In this case, ef-
fect of the non-impact forces can be disregarded.
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It is expedient to estimate the technological effect of impact action
not based on a value for the impact force, but rather based on its
pulse, work, and power.

An impact pulse corresponds to a change in the amount of motion

AQ, by a particle of mass m, over the time of impact

gvaévzmv(ﬁv_iv)’ (D
where v, is the speed of a particle before the impact, u, is the speed
of a particle after the impact.

Work of the impact force corresponds to a change in the kinetic
energy AT, of a particle during impact

AV:ATV:mV(ﬁV_VV)2/2' 2)
The largest, in terms of magnitude, and defining, in terms of effec-
tiveness of the implementation of an operating process, component of
the impact action is vertical. The impact under consideration is a
complex non-perfect interaction between particles. Then the expres-
sions for the vertical component of the impact pulse and work of the
vertical component of the impact force, according to (1) and (2), can
be approximately represented in the form

Son =m, Ky, vy, s €)

2 .2
Avh :(vavhvvhv)/z’ (4)
where vy, s the vertical component of particle's velocity v, before the

impact, K,»=0-1 is the coefficient of loss of the vertical component
vy of velocity v, during impact.

Vhv :\/zghv ?

expressions (3) and (4) take the form

Svh :@mvl(vhv\/z’ (5)

Ay =gm K h, . ©)
where h, is the height of particle's fall before the impact, g is the
gravitational acceleration.

We shall further consider the vertical component of the impact ac-
tion of particles at the surface of transition between zones of the fill-
ing's motion for N (v=1.2,...,N) grinding particles over an arbitrary
time span Atz. Then, according to (5) and (6), expressions for the sum
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of vertical components of the impact pulses and the sum of work of
the vertical components of impact forces over Ar take the following

form
N
i =+/2¢ zmvmvﬁ : (7)

82’% vhv v (8)

The mean, over time At, Value for the total power of the vertical
components of impact forces corresponds to the average value for the

sum of work of such forces A}’ per unit time (1 s) and is equal to

— Al = AN AL 9)
For the case of the conventional steady mode of operation (Fig. 3),

the sum of the vertical components of impact pulses over Ar (7) can
be calculated from formula

sh \/—mAt ths \/T (10)

where m Zm is the sum of masses of N particles, K, is the

average Coeff1C1ent of loss of the vertical component of particles' ve-
locity in a non-free fall zone, which can be determined using a meth-

k
od of the filling's flow visualization, hy =cos@y Zh%ﬁ is the aver-
i=1
age height of fall of N particles in a non-free fall zone, Ay is the ele-
mentary linearized trajectory of fall of a separate particle in a non-
free fall zone, ¢ is the angle of inclination to vertical of the averaged
linearized trajectories of falling particles in a non-free fall zone.
The sum of the vertical components of impact pulses under a
steady mode (10) for a single rotation of the drum is

sn = J2gm™K /hsf , (11)

where m” =mK, is the sum of masses of grinding particles that exe-

cute an impact within a single turn of the drum; m=nR’Lkp is the
mass of the milling fill; R is the radius of the drum's chamber; L is the
length of the drum's chambers; « is the degree of filling the chamber
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with a fill; p is the density of the milling fill at rest; K is the loading's
turnover under a steady mode.

Turnover describes the number of periods of circulation of the fill
over a single drum rotation

K, =@7)/(t.0).

where ¢ is the duration of circulation period of a fill in the rotating
drum's chamber, w is the angular speed of the drum. Turnover can be
determined based on an experimental analysis of the fill flow pat-
terns.

The mean, over a single rotation of the drum, value for the sum of
the vertical components of impact pulses under a steady mode per
unit time is

=S4/T,. (12)
where T, :27r/ v,y R/g is the period of drum rotation under a

steady mode, y,, =w,R/g is the relative rotation speed of the

drum under a steady mode, w; is the angular velocity of the drum un-
der a steady mode. Then, taking into consideration (11) and (12),

S = (ngtsy/Mths [hy /R)/ (ﬁz) (13)

For the case of the self-oscillatory mode of operation (Fig. 4), the
sum of the vertical components of impact pulses over Ar (7) can be
approximately calculated from expression

A A A
S()I’f = th S()ph = 2g (mof[thof h()f +m015thop h()p ), (14)
where S, OAfﬁl is the sum of the vertical components of impact pulses of

particles in a non-free fall zone over Az; S th is the sum of the verti-

cal components of impact pulses of particles in a pulsating zone over
N
s
Aty m =>'m,, is the sum of masses of Ny particles in a non-free fall
v=l

zone, which execute an impact over At; m Zm is the sum of

masses of N, particles in a pulsating zone, Wthh execute an impact

over At; Kunor is the average coefficient of loss of the vertical compo-

nent of velocity by particles in a non-free fall zone; K, is the aver-
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age coefficient of loss of the vertical component of velocity by parti-

nh
cles in a pulsating zone, h, =cos@,, ZLﬁ is the average height of
i=1 I
fall of particles in a non-free fall zone, A is the elementary linearized
trajectory of fall by a separate particle in a non-free fall zone, @ is
the angle of inclination to vertical of the averaged linearized trajecto-
ries of falling particles in a non-free fall zone, &, is the average
height of fall by particles in a pulsating zone.
The sum of the vertical components of impact pulses under a self-
oscillatory mode (14) for a single drum rotation is
S(t:}l =1¢2g(m(t;chh0f h’(?f +m(t;)thOp,"h0 ), (15)
where mz} = m(l —Kop )K 0

free fall zone, which execute an impact within a single drum rotation;

mf,’}, = (ml(opl//wp )/ ¥, 18 the sum of masses of particles in a pulsat-

ing zone, which execute an impact within a single drum rotation; K;,
is the turnover of fill under a self-oscillatory mode (Fig. 5); xo, is the
mass fraction of the pulsating zone in the mass of the entire fill;

is the sum of masses of particles in a non-

W =0, R/g is the relative speed of rotation of the drum in self-
oscillatory mode; w, is the angular velocity of drum under a self-
oscillatory mode; v/, = 27\R/g op 18 the relative circular frequen-

cy of the filling self-oscillations; f;, is the cyclic frequency of self-
oscillations.

Parameters for self-oscillations can be determined experimentally
using a method for the visualization of a filling's flow. The mass
share of pulsating zone «,, is calculated based on an analysis of flow
patterns. The cyclic frequency of self-oscillations f,, is established
from an analysis of transient flow modes. The absolute mass and the
mass share of a non-free fall zone and a pulsating zone are variable

parameters over the period of self-oscillations: mf,’} =var,

m _ _
My, =varand k,=var.
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The mean, over a single drum rotation, value for the sum of the
vertical components of impact pulses under a self-oscillatory mode
per unit time is

su =sn /T (16)
where T, = 27[/ ¥ ,oy R/ g is the period of drum rotation under a self-
oscillatory mode. Then, taking into consideration (15) and (16)

1 [h fh
Stb)t}tt = Eng:Kto (1_ Kop )//a)othaf ;f l//a)opthop :| (A7)

The average sum of the vertical components of impact pulses (17)
over a period of self-oscillations varies from a minimum value when

Kop=0
p ohmm—(ngo'//anKm(m/ af/R)/( 77) (18)

to a maximal value when x,p=Kopmax

1
ngttma[ :E ”’{: ( opmax)//wo vhof opmax‘//wopthop \| (19)

Expressions for the mean value of total power of the vertical com-
ponents of the impact forces of fill can be derived by analogy to the
above procedures for the formalization of average sums of the verti-
cal components of impact pulses.

An expression for the total work of the vertical components of im-
pact forces for a single drum rotation under a steady mode, taking
into consideration (7), (8) and (11), takes the form

Alp = gmll' K yohy . (20)

The average total power of the vertical components of impact
forces, taking into consideration (9), (12), (13) and (20), is

sh _(gm l//ms\/g/_RKVhs sf )/ 272— (21)

An expression for the total work of the vertical components of im-
pact forces for a single drum rotation under a self-oscillatory mode,
taking into consideration (7), (8) and (15), takes the form

AM = g(mg;thofh -+ K2 h (22)

vhop"op )
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The average total power of the vertical components of impact
forces under a self-oscillatory mode, considering (9), (16), (17) and
(22), is

Poh =8m g/R [Kto (I_Kop )//a)OKlghofhof (r//a)opthop ]/272' (23)

The average sum of power (23) over a period of self-oscillations
changes, similar to (18) and (19), from a minimum

R)h min = (g g/RKtol//a)nghof hof )/(27[) ’ (24)
to a maximal value

2
ahmax =4 gm([Kto apmar)//a)othofhof +Kopmax’7”a)op vhop op] (25)

The expression for the ratio of average values for the sum of the
vertical components of impact pulses under a self-oscillatory and a
steady mode per time unit, taking into consideration (13) and (17),
takes the form

ngtl _ Kta (1 - K{)p )//a)(l th()f h()f + K{)pl//aX}pKVh{)p \ hnp

S?fi Ktsl//a)sths \ hsf

Ratio (26) over a period of self-oscillations changes

(26)

Son / S =var), taking into consideration (18) and (19), from a min-

(SZZ/S;? )min = (Km'//ax;thof Jhor [ hys )/(Ktsl//a)sths)’ (27)

to a maximal value

h h
ut Kto (I_Kopmax)//a)athof }:l+Kapmuxl//ampth0p h(l
Soh sf sf
2 = .(28)
Ssh max
The expression for the ratio of average values for the total power
of the vertical components of impact pulses under a self-oscillatory

and a steady mode, taking into consideration (21) and (23), takes the
form

imum

Kts YV ws ths

2 2
@ _ Kto (1 - Kop )//wothofhof + Kop‘r//a)op thophop (29)
= 5 .
Py, Ky oK vhshsf
Ratio (29) over a period of self-oscillations changes (Pow/Psn=var),

taking into account (24) and (25), from a minimum
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(Poh/Psh )min = (Ktol//a)oKlghofhof )/(Ktsl//aanhshsf )’ (30)
to a maximal value

h h
2 of 2 C
K, (1 ~ Kop max )Va)othaf h) * Kop max¥ wop thop th
[ﬁ) = S Y (31)
2 .
Psh max Ktsy/wsths

Values of the variables xop, K, Kis, Kons, Konos, hs, hor and hep in
expressions (26)-(31) can be determined by visual analysis of the fill
motion patterns. Values of variables ww, and .., can be determined
by visual analysis of transient self-oscillating modes of the fill
motion. The value of . is specified.

Fig. 7 shows the obtained quasi-static dependences of the K;
turnover on the relative rotational velocity ., for a discrete charge
with a relative particle size d/(2R)=0.01-0.03 for the values of the
chamber filling degree x=0.25, 0.35 and 0.45.

4

3.5

W

Fig. 7. Dependence of fill turnover K; on relative rotational velocity . at
d/(2R)=0.01-0.03, x=0.25, 0.35 and 0.45

The ratio of the collision parameters for self-oscillating and
conventional steady-state operation modes (26) to (31) is convenient
to use for comparative assessment of the impact of the grinding fill at
different of the chamber filling degrees «.

4. Results obtained in determining the impact action of the fill

According to the experimental data obtained, geometric and kine-
matic parameters of the fill motion at the chamber filling degree
k=0.45 had the following values: K,n=0.4, Kun=0.75, Kunp=1,
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hohs=1.54, hoplhg=1.46, Wus=0.75, Wowo=1.1, Wwep=1.31 (at f,,=2 Hz),
Ks=1.63 (at y,s=0.75), Kix=1.11 (at Yoo=1.1), Kopmax=0.0662.

Parameters of the fill motion at the fill k=0.35 acquired the
following values: Ku=0.3, Kuno=0.75, Kunop=1, holhy=1.48,
hoplhs=1.6, Ws=0.75, Wwor=1.075, Wup=1.31 (at f,=2 Hz), Ki;=1.82 (at
Wws=0.75), Kiv=1.19 (at Wwo=1.075), Kopmax=0.12.

Parameters of the fill motion at the fill k=0.25 acquired the
following values: Kyn=0.2, Kuu=0, Kinop=1, hofhy=0, hop/hy=2.46,
Wos=0.75, Wwo=1.05, wop=1.31 (at f,,=2 Hz), K;;=2.01 (at ws=0.75),
Ki0=1.29 (at Wwo=1.05), Kopmax=0.25.

Relation of average sums of vertical components of the collision
momenta and the power of these momenta for self-oscillating and
steady-state modes per unit time were determined. According to (27),
(28), (30) and (31), extreme values of these relations at the fill xk=0.45

had the following values: (S u /s I:; j =232,
~/min0.45
ut
(Sé‘z /s Sh) =2.39, (Pt / P ) in 45 =541,
max0.45

(B)h/Psh )mwco,45 =5.7.
Extreme values of parameters of the collision momenta at the fill

xk=0.35: (5;‘;1/52’;) =296, ( (‘,’}l/S:;) =3.07,
min0.35 max0.35

(Poh/Psh )m,‘no,35 =9.35, (Poh/th )maxo,35 =9.57.
Extreme values of parameters at the fill #=0.25:

u ut u ut
(Suftl/ssh) =0, (Su%tz/sshj =5.79, (Poh/Psh)mino,zs =0,
min0.25 max0.25

(P Pay )ma.xO,25 =455.
ut

The graphs of dependences S”’/ g, for variable values of

ut

o and S(‘)‘l’, for one period of self-oscillations at the

degree of chamber filling with the fill x#=0.25, 0.35 and 0.45 are
shown in Fig. 8.

numerators
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g —o—Soh/Ssh(xk=0,25)

%3 '—HM" =#-Soh/Ssh(x=0.35)
5 ‘/ \‘ —#+—Soh/Ssh(x=0.45)
1

\ ~o-Ssh/Ssh

0 0,25 0.5 0,75 1
Top
Fig. 8. Dependence of relations of average sums of vertical components of the
collision momenta for self-oscillating and steady-state modes per unit time Son/Ssn
and Ss»/Ss» on the period of self-oscillations Ty at d/(2R)=0.01-0.03, x=0.25, 0.35 and
0.45

The graphs of dependences P/Pg for the variable values of
numerators Py, and P, during the self-oscillation period at the
chamber filling degree x=0.25, 0.35 and 0.45 are shown in Fig. 9.

50

45 "
40 ),/ \,\
= / \
. / \ ——Poh/Psh(x=0,25)
Hon 1 X ~8-Poh/Psh(x=0.35)
15 / \ —#—Poh/Psh(x=0.45)
10 -+ —o—-Psh/Psh
5 =
O *
0 0,25 0.5 0,75 1
Top

Fig. 9. Dependence of relations of average sums of powers of vertical components of
the collision momenta for self-oscillating and steady-state modes per unit time
Poi/Psiy and Psi/Psi on the period of self-oscillations Ty at d/(2R)=0.01-0.03; x=0.25,
0.35 and 0.45

Numerical values of dynamic parameters of the fill impact action
indirectly characterize influence of the chamber filling degree k on
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the grinding process course.

5. Experimental modeling of the grinding process

Effect of the degree of the chamber filling with the fill on
efficiency of the self-oscillating grinding process in a tumbling mill
was evaluated for the case of grinding cement clinker.

Particles of pre-crushed clinker with relative size d,/(2R)<0.0059
completely filled in rest condition the gaps between steel ball
grinding bodies with relative size d;/(2R)=0.026. Productivity of the
grinding process with duration of 30 min was determined by sieving
through a 0.08 mm mesh sieve.

Technological efficiency of the self-oscillating grinding process
was evaluated by relative productivity

Co _ 1_n/lro/’/nm

C

N

) (32)
1- My / m,,
where C, is productivity of the self-oscillating process; C; is
productivity of the conventional steady-state process; m,, is weight of
the sieve residue of the crushed material after sieving during the self-
oscillating process; m, is weight of the sieve residue in the
conventional steady-state process; m,, is total weight of a portion of
ground material prior to sieving.

Power efficiency of the self-oscillating grinding process was
evaluated by relative power intensity

Pao _YPosd (33)
Py Wposs
and relative specific power intensity
Lo _Lao / G (34)
E, P,/ C,

where Py, is the power of the drive rotating the filled drum in the self-
oscillating process; Py is the power of the drive in the conventional
steady-state process; E,=Pa/C, is the specific power intensity of the
self-oscillating process; E,=P4/C; is the specific power intensity of
the conventional steady-state process; Wpo,se=¥mo,50 Voo 1S the relative
power of the drive in the self-oscillating process (Fig. 10);
WPoss=Wmo,5s* Wes 1S the relative power of the drive in the conventional
steady-state process (Fig. 10); wans0=Mo/Mmaxos is the relative torque
of the drive in the self-oscillating process (Fig. 11); wao,s5/=Ms/Mmaxo,5

429



is the relative torque of the drive in the conventional steady-state
process (Fig. 11); M, is the absolute torque of the drive in the self-
oscillating process; M; is the absolute torque of the drive in the
conventional steady-state process; Mmaxo,5 is the absolute value of the
conditional maximum antitorque for the half-filled chamber (x=0.5)
which corresponds to the apparent load distribution over cross section
of the drum chamber in a form of an ideal solid-state segment rotated
at a right angle relative to the initial position; e, is the relative
velocity of the drum rotation during the self-oscillating process; wus is
the relative velocity of the drum rotation in the conventional steady-
state process.

0.7
0.6
0.5 b
" 0.4
‘%'0“ \ ——x=0,25
e -=-x=0.35
0.2 N ——x=045
0.1
0 i
0 025 05 0.5 1 1.25

Yo
Fig. 10. Dependence of relative power of the drive in rotation of the filled drum,
Wro.s, on relative rotational velocity, ye, at d/(2R)=0.01-0.03, ¥=0.25, 0.35 and 0.45

0.8

0 025 05 075 1 1,25
Yo
Fig. 11. Dependence of the relative drive torque in rotation of the filled drum, yuo.s,
on relative velocity of rotation, yw, at d/(2R)=0.01-0.03, x=0.25, 0.35 and 0.45

According to the obtained experimental data, technological and power
parameters of the process of grinding in a tumbling mill with the chamber
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filling degree x=0.45 had the following values: C=0.435, C,=0.464,
P4=0.532 (at ys=0.75), Ps,=0.413 (at wwo=1.1).

Parameters of the grinding process at the chamber filling degree
x=0.35 acquired the following values: C=0.373, C,=0.485,
Pds=l/lpo,5s=0.501 (at l//ws=0.75), Pdg=l/lp0,5g=0.375 (at l//wu=1.075).

Parameters of the grinding process at the chamber filling degree
x=0.25 acquired the following values: C=0.323, C¢=0.472,
Pds=l/lpo_5s=0.424 (at l//ws=0.75), Pdg=l/lp0,5g=0.282 (at l//wu=1.05).

Then, according to (32) and (34), relative productivity, power
intensity and specific power intensity of the self-oscillating grinding
process at the chamber filling degree x¥=0.45 have the following
values: Co/Cs=1.067, P4,/P4=0.776, E,/E=0.728.

Relative characteristics of the self-oscillatory process at the
chamber filling degree x=0,35 acquired the following values:
Co/C=1.3, Pa,/P4=0.749, Eo/E=0.576.

Relative characteristics of the self-oscillatory process at the
chamber filling degree x=0,25 acquired the following values:
Co/Cs=1.46, Pu/P4s=0.665, E,/E=0.455.

Graphs of the obtained dependences of Co/Cs, Pao/ Pas and E,/E; on
the chamber filling degree k are shown in Fig. 12.
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Fig. 12. Dependences of Co/Cs, E/Es and Pao/Pas of the self-oscillating process of
grinding cement clinker at d»/(2R)=0.026 and dn/(2R)<0.0059 on x

Dependences of relative productivity, power intensity and specific
power intensity characterize influence of the chamber filling degree
on efficiency of the self-oscillating process of grinding.
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Conclusions

1. Ratio of the average sums of the vertical components of the
collision momenta per unit time for self-oscillating and steady-state
motion modes was approximately determined numerically. For the
relative size of the ball elements of the fill of 0.01-0.03, this ratio was
approximately 2.32-2.39 at the chamber filling degree x¥=0.45, 2.96-
3.07 at k=0.35 and 0-5.79 at x=0.25. Ratio of the average sums of
powers of such impacts per unit of time under such conditions was
5.41-5.7 at k=0.45, 9.35-9.57 at ¥=0.35 and 0-45.5 at x=0.25.

2. With a decrease in a chamber fill, «, the self-oscillating impact
action increases significantly due to the decrease in the passive quasi-
solid zone and a significant increase in the active pulsation zone of
the fill motion in cross section of the rotating chamber. This is due to
manifestation of the dynamic effect of significant increase in the self-
oscillations swing with a decrease in «.

3. A decrease in relative specific power intensity in grinding
cement clinker was established experimentally for an innovative self-
oscillating process compared to the conventional process. For the
relative size of the fill particles of 0.026 and complete filling of the
gaps between the grinding bodies, this reduction was approximately
27.2 % at k=0.45, 42.4 % at ¥=0.35 and 54.5 % at x=0.25. Under
these conditions, relative productivity of the self-oscillating process
has increased by about 6.7 % at ¥=0.45, by 30 % at x=0.35 and by
46 % at k=0.25.

4. It was established that with a decrease in the chamber fill, «,
specific power intensity and productivity of the self-oscillating
grinding process carried out in the tumbling mill significantly
decrease. This is due to manifestation of the technological effect of a
significant increase in the impact action of the grinding bodies on
particles of the crushed material and some decrease in the drive
power spent for rotation of the filled drum with a decrease in «.
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