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Abstract
The possibility of intensifying the process of destruction of ores in drum mills due to a change in the dynamics of the movement of the intra-
mill medium when using the elastic properties of rubber as a structural material is theoretically substantiated. Design solutions for the profile of
linings for mills are presented, which provide an increase in service life and improvement in technological performance.
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The theoretical mode of operation (the movement of the
intramill load) in drum mills is divided into cascade, waterfall and
mixed - cascade waterfall. It is necessary to highlight the last two
as the most common in ball mills and self-grinding mills [1].

Technological loading (grinding bodies and crushed material)
is entrained in movement along arc trajectories by friction forces
between the lining of the mill drum and the layers of loading
adjacenttoit. Due to friction between adjacent layers, the load is set
in motion. If the friction forces between the layers are insufficient,
then moving along arc trajectories, they can slip relative to each
other. There will be no slippage of the technological load on
the surface of the lining when the moment of its friction force
relative to the mill axis will balance the moment of the tangential

components of gravity relative to the same axis.

The elementary mass of the layer moves along arc trajectories,
from the lower position to the upper one, entrained in motion by
friction forces and due to the support of the lower part of the
material of the same layer. In the upper part of the mill drum, as
soon as the component of the reaction of the lining normal to the
surface of the lining to the elementary mass of the loading layer
turns to zero, it breaks off and goes into free flight along a parabolic
trajectory. When the elementary mass meets the lining or the
upper layer of the load located on the mill drum, an impact occurs,
as a result of which the lining will experience additional pressure

in addition to the pressure from gravity and the centrifugal force of
inertia of the load. In addition, in the central part of the intra-mill
load there will be a slow-moving core, which is a segment-shaped
form. It is called slow-moving because inside it the technological
load, which is in the motion mode, moves much more slowly than
the material located on arc trajectories. In a sedentary core, the
destruction of the material occurs due to its abrasion due to the
sliding of the layers relative to each other.

The efficiency of grinding mills largely depends on the design
of the lining, the correct choice of geometric parameters and
mechanical characteristics of lining coatings, as well as the speed of
rotation of the drum mill [2,3]. In addition, it is possible to achieve
an increase in the abrasion of the crushed material by increasing
the relative vertical movement of the layers of the technological
load. The latter is achieved due to the presence of metal inserts
on the working surface of the rubber lining of the mill. Figure 1a
shows that on the shell 1 of the mill drum there is a rubber lining
2 with a thickness a p, in which metal inserts 3 with a width a m
and a height h m are vulcanized with a step a p with a thickness of
the rubber layer under them (hp - h_). Thanks to this constructive
solution, different relative vertical motion of the medium layers
located on the rubber and metal inserts is achieved.

of the

technological environment with its vertical oscillations at the

Let's build a simplified mathematical model
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initial speed V (Figure 1b). The medium is considered as a regular
system of adjacent vertical layers above metal inserts of mass
c,, connected to the drum shell by means of elastic bonds with

reduced stiffness c.., and layers above the rubber, connected to
the shell by elastic bonds with reduced stiffness Cor

Ve

Figure 1a: On the shell 1 of the mill drum there is a rubber lining 2 with a thickness ap, in which metal inserts 3 with a width am and a height
hm are vulcanized with a step ap with a thickness of the rubber layer under them (hp - hm).

In this case, we will assume that for the technological load
under consideration, the layers above the metal insert and the
layers above the rubber are not compressible and they move in
the vertical direction relative to each other. Neighboring layers
are pressed against each other, experiencing lateral pressure q (z)
(z is the coordinate of the cross section of the medium layer). In
addition, we will assume that the vertical pressure q,(z)and lateral
q,(z) pressures and qy(z) obey Pascal’s law for an ideal fluid, i.e.

ax(2)=qy(2)=q;(2) (D)

Due to the relative movement of the layers in the vertical
direction, tangential pressures will act between them along the
side surfaces 7(z) due to the presence of sliding friction forces

7(2) = f.qz(2) (2
where fis the coefficient of sliding friction.

This approach is justified if the propagation velocity of a

longitudinal sound wave b = \/m in a medium (E - reduced
modulus of elasticity of the first kind for the technological
environment is the reduced density of the medium) will be
significantly higher than the speed of vertical movement of the
layer supported from below by an elastic bond with the reduced
stiffness of rubber ¢ underneath the material.

The vertical pressure of the layer is determined by the force
of gravity of the technological load over the section z (Figure 2).
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Figure 2: The vertical pressure of the layer is determined by the force of gravity of the technological load over the section z.
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Consider an elementary layer of material dz located between

cross sections z and z + dz . Under the action of gravity forces

dG = pglidz, vertical pressure forces ¢, (z)F and —q,(z)F

, lateral forces g, (z)pdz, qy (z)pdz (F and p are, respectively,
the area and perimeter of the cross section of the layer) and

—qx(2)pdz, ~qy (z) pdz , as well as lateral tangential forces, the

7(z) pdz elementary layer will be in equilibrium, i.e. in projections
onto the z -axis, we get

q,(2)F —q,(2)F+dG—1(z)pdz =0

Or
dG =dT =1(z) pdz 3)
(dT — elementary tangential force )

Then the total gravity G and tangential force T will

h h
G=pgFH; T=p é ©(2)dz = pf (J) qx(z)dz 4)

Since the relationship is g, (z) linear, then

q,(z) = pgz (5)

Substituting expression (5) into (4), we obtain

h hy
T = fpgp (I) zdz =f pgp 5y (6)

Let us write the equation of vertical motion of the mass of

the M = pFH technological load layer under the action of

2
h™ v
gravity G = pgFH , tangential force T = —fpi—

relative speed of the layer), elastic force gf thJ}V:l,pring

Py = —cnpu(t)(u(t) — vertical displacement of the medium layer)

2
d u(t)
and inertial force P, = —-M — e Py + Py +T=G or

dt

2 2

du(t h
pFH#—kcnpu(t) +fpgp|v| — pgFH
dt v

The last equation can be rewritten as

Jfgph v

2

du(t) ¢
u()+ np _

2F |v|

d®>  pFh

u(t) + ()
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To equation (7) it is necessary to add the initial conditions

du(0) _ _——
dt

Nonlinear equation (7) is solved as follows. Let us first

u(0) = 0;

consider the first stage, when v/ |v =1 ,ie.

2
d"u(t) Cnp fpoh
5+ u)=gd-—) )
dt pFh 2F
The solution of the linear inhomogeneous equation of the
second order (9) is found as the sum of the general solution of the

homogeneous equation

2

d7u,(t) c

— 3+ Py =0 (0)
dt pFh

U (t) = Acos wt + B sin wt )]

frequency of natural oscillations) and a

particular solution of the u(#) inhomogeneous equation (9) [4]

— Jph pFh foh 1
u)=g(l-—) =g(l-")— 12)
11 F o
Then the general solutﬁ)n of equation (9)
. frh 1
u(t) = Acoswt + Bsinwt+g(1-"—)— (13
F o

We find the integration constants A and B from the initial

conditions (8). From the condition u#(0)=0 we obtain

ho1
A= —g(l—fi)—2 , then
2F w

Joh 1 .
u(t) = g(l——)—z(l—coswt)+Bsmwt
2F o
. du(0) du(0)
and from the condition = VO or =Bw = VO ,
dt dt

V
whence B = 0 . Thus, the general solution has the form

;

foh 1 " .
u() =g(l———)— (I-coswr) + —sin wt (14)
2F »

@
Finding the absolute speed of the layer

N

h 1
V)= g(l—i)—sin ot + V) cos wt (15)
2F o

Let’s introduce the following notation: Up () — movement
of the vertical layer of the technological medium over the rubber,

and Uy (#) — movement of the layer over the metal insert. Then

the displacements Up (¢) and Uy (t) , as well as their absolute

velocities Vp (#) and VM (¢) will be in accordance with formulas
(14) and (15), i.e.

ho 1 Ve
up(t)=g(1—% —y(-coso ¢+ 0 Sinew ¢ (16)
“p
%
uM(z)=g(1+@)L2(1—costz+ 0 sinwy,1 a7
V(@) (1 fph)l i t+V, t (18)
= ——)—SInw + Cosw
p g 2F @ p 0 p
p
= el P .
M(t) =g —;) - sin a)Mt+VO cos @y ot a9
M
where @_ = p
p pFh
M
w,, = 20
v = e (20)

The speed of the layer over the rubber relative to the speed of
the layer over the metal insert

ph 1 ph 1

/L)—sinm tfg(lffi)—sinw t+V0(cosa) t—cosw, 1)
2F o 4 @y M P M
P

Solution (16)-(19) is valid as long as the velocity of the v(z)
relative motion of the layers remains a positive value, i.e. for

v =V, () =V, () =g~

time ¢ €[0, tl) , where 4 is the moment of time corresponding
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to zero speed V(). The value # ={, is found from the condition

v(£,)=0 or
Joh 1 Joh 1
g(l——)——sin a)ptl -g(l-—)——sin Oyt + Vo(coscopt] —cosw )=0 (22)
@, @,

The solution ¢ =, of the transcendental equation (22) can
be obtained by one of the approximate numerical methods. Then

we find the initial values for solutions Up (¢) and Upy (t) , as

well as for their absolute velocities Vp (¢) and Vi (t)based on
expressions (16)-(19).

up(t]) :up(t)

=t "M ()= uM(t)‘t=t1 ’
(23)

V() =V, (0)

= Vg Vg (z)\,:,l :

Then the solution of the stated problem for ¢ e [t1 , tl) is
found on the basis of the solution of the system of equations (23)

taking into account that v(¢) < 0 or v(¢)/ | v(¢) |= —1

. ph, 1
up (t):Ap cos@pl+ Bp sin wpt+g(l+%)ﬁ,
P
g (D)=4pg COs@p+By sianHg(H%)ﬁ,

_dup(t) .
Y, §z =_/4Pmpsmwpt+3pmpcosmpt, (24)

M

v(i):Vp OV (D=—Apop sinprszuP cosprAM(uM sinwy (=B oy, cos(uM!

Vi (z):d"/t\;jt (t):,AM Oy SiN@y 4By o) cOsO 1

Integration constants A, B, A , B_ are found based on the
solution of the system of equations (23) taking into account
relations (24), i.e. systems of equations

. foh 1
Ap cosa)ptl +BP sma)pt1 = up(zl)—g(1+5)7,
“p
. foh 1
AMcosa)Mt1+BM SlantlzuM(tl)_g(l+E)7’ (25)
Oy
—prp sin pl +Bpa)p coswply = Vp(tl),

—Ap @ siant1 + By o, cos @y oty :VM(II).

Here, the right parts of system (25) are found on the basis of
expressions (16)-(19), i.e.

Joh 1 " .
up(tl) :g(l—;)?(l—cosa)ptl)+w—smwpt1,
P

foh 1 .
uM(t]):g(l—;)72(1—cosa)Mtl)+w—sm(oMt1,
“M M (26)
VN
Vp(tl) = g(l—;)w—sm oph + V0 cos wpty,
14
Joh 1
V@) = g —;)—sm Oty + Vg coswy 1y
“M

Then the solution of the system of linear equations (25) will
be

foh 1 Vplty)
Ap :(up(zl)ffg(l+E)—2)cnsa)pzl7 Z smwpll,
o) »
Yp@) foh

. ; 1
Bp = - coswptl+smw[,t1(up(t1)fg(l+E)—2),
P [Hp

27

Jph

vy, (t)
M1
)coswy oty —
2 M ®

1
Ayp =Gy (1) =g+ 5—) sinolys
2F o
M
Vi () foh 1
M . 7
v = ( " 1 costtl+smwMt1(uM(t1)fg(]+E) 2),
‘M [UM

Time ¢ = ty corresponding to the end of the second stage, we

find from the condition that the relative speed v(t2) =0 ,ie.

—Apa)p sin Opty + Bpwp cos @ply + Ayroyy sin Oprty = By o)y cos oyt = 0. (28)
This equation, as well as equation (22) is solved by one of the
approximate numerical methods.

Continuing the process of obtaining a solution using the above
method, you can find a solution to the problem for any number of
cycles. Let us consider another case, when the technological load
can be represented as alternating vertical layers over the rubber
ax 1xh (Figure 3) and a_x1xh over the metal, moving horizontally
with an initial speed V &.

Proceeding similarly to the previous case, we will find
equations describing the horizontal displacements of adjacent
layers relative to each other; i.e. the layer above the rubber relative
to the layer above the metal insert, and vice versa [5].

Let us denote the horizontal displacements over the rubber

Wp (z) as, and over the metal insert as Wiy (z) . The intensity of
horizontal tangential forces acting on the side surfaces of adjacent
layers is defined as

t'(2)=f.qx(2) = f.q,(2)

where fis the coefficient of sliding friction of the layers relative

(29)

to each other.

The intensity of the horizontal tangential forces acting on the
layer from the side of the base are found by the formula

Tp = quz(h)-

Here fp — is the sliding friction coefficient of the layer over
the rubber.

Similarly , there 7, = f} rq,(h) is
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Figure 3: Technological load can be represented as alternating vertical layers over the rubber ap [11('h and am [11(]h over the metal,

moving horizontally with an initial speed VO0g.

where fM — is the sliding friction coefficient of the layer

over the metal.

Thus, the equations for the horizontal motion of the layers

over the metal and over the rubber will have the form

2 T T
d“wy () fln v V
M et e =0 (30)
@t F v Vag |
2 r
dwy(0) gn b vy
— 51+ pg&— 1 =0 (3D
dt F |V | | Vp |
Here, the relative horizontal velocity of the layers
dwy,(t) dwy,(t)
vF _ VMF B Vpr _MY TP (32)
dt dt

and horizontal speeds over the metal insert , r _ %"y and
=M
dt

dw (1)
over the rubber V. I __ P .
p dt

The initial conditions of problem (30)-(31) will have the form

war @ =w, =07, =" ," =10 @
Consider the first stage of the solution, when
T T I T Iy
VM >O,Vp >0,v —VM —Vp >0 (34)
T r
o’ oM =1
In this case |V1“ | =1 k |VMF ‘ and IVpr | ~ " also,

And equations (30)-(31) will take the form

2
d"wy, (1) flh

B B i 35
dt2 (F +fng (35)
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2
d=wp (@) flh
— 2 T /8
dt F
and their solution, taking into account the initial conditions
(33), will be

(36)

2
h h
Vi (0= {%ﬁngH Vol oy (0 = 7(/?+/Mg)%+ ATERNEY)

2
h I
AOE —(/7+fpgjt+ Vol w0 = —(f?+fpgj%+1/0rt (38)

Sliding layers on metal and rubber occurs until VMF(t) >0

and Vpr (t)>0 ,le. bye

7~
—+ /g
F M
~
and 1<ty =—— - 39)
p 5 flh
g—i
P> F

) PR .
Let us find ¢=¢ —mln{th,tlp} , corresponding to

* *
VF (t )=0, for example, if it is Vll; , then VF* = Vr* (t) it
P p

r _(Jf * T
VM* - _(F * fngt *¥ is also the initial value of the velocity

of the layer over the metal insert and
2
h h
V0 =—(ﬂ7+fngz+VL*,wM(r) =——[ﬂ7+fng’7+V;* (40)

*  kk
Here tELt N

completely.

sk
J ,and r=¢ the time until the layers stop

The given theoretical mechanism of interaction of the intra-
mill medium is valid for a short time interval of the steady-state
mode of motion. In fact, the constancy of the mode of motion
(cascade, waterfall, mixed) does not exist. Confirmation of this
conclusion is the wear of the back side of the teeth of the drive

gear and the crown of the drum, since the speed of its rotation

007

changes upwards. Intra-mill loading will necessarily be located
in the area of the angle of repose (self-collapse), there will be
an instantaneous movement of the medium to the side of the
drum opposite to the direction of rotation. This will lead to an
acceleration of rotation due to a change in the center of gravity. The
change in the noise level (acoustic changes) is also a confirmation
of the lack of constancy of the mode of motion of the medium. In
the submarine fleet there is a profession - acoustics. The most
convincing to confirm our conclusions - the lack of constancy of the
mode of movement, is a change in the current load. The ammeter
needle deviates from the average position both to the right and to
the left, i.e. there is an increase and decrease in the load in a fairly
short time interval.

The use of the unique property of rubber - elasticity allows
you to create designs of rubber linings that help intensify the
process of grinding (separating) ores. The most promising are
designs with a wave profile at different heights and wavelengths,
which significantly change the dynamics of the movement of the
intra-mill environment. Also, wave structures with an internal
closed air cavity and magnetic ones, which form a wave due to the
constructive - magnetic accumulation of scrap (worn balls), have
also positively proven themselves.

The given design solutions create conditions for increasing
the dynamics of the interaction of the environment, theoretically
presented by us in this article. In general, along with an increase in
the overhaul period, wave rubber linings provide an opportunity
for a significant improvement in technological performance
to reduce the consumption of balls and electricity; increase in
productivity in terms of feed and finished class, when operating
mills with a reduced diameter and a total mass loading of balls;
reduce noise and harmful low-frequency vibration.
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