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Abstract. The paper presents the results of the mathematiodtling of load's movement in
the lifter of the intramill recirculation dividechside the tubular mill. The lifter is rotating
together with the mill drum and has a form of aialig mounted pipe with a hole in its side
surface. The results of the mathematical modelifoyvad explaining causes of load's partial
sling-out from the lifter cavity and obtaining e¢joas to describe the load's movements at
different stages. The developed model allows ctirrgahe design process of the intra-mill
device and specifying the nature of its influenogoomilling in the tubular mill with a higher
accuracy.

1. Introduction

One of devices, used in the cement industry fa fimlling of materials, is a tubular mill. Havinggh
productivity, reliability and durability, this unttonsumes an enormous amount of energy while having
quite low efficiency [1 - 4].

One of disadvantages of tubular milling is proloshgeresence of particles, which satisfy the
requirements for the final product, in the milliagea. Therefore, when milling clinker and additjves
about 50% of particles meet the product finenegsirements already when they reach the end of the
coarse milling chamber. These patrticles continwgr tmovement along the mill barrel, not only
reducing the milling intensity for large particldsjt reducing the efficiency of the milling as wddly
forming a very fine damping layer.

The design of an intra-mill recirculating devi¢egure 1.) allows partially minimizing this adverse
effect [5, 6]. This is achieved by organizing aimadating flow of load inside the mill chamber. Wi
the help of lifters 8, the load is passed to tubgea 1, where, with the help of helical surface B i
transported in the reverse direction and returméal the mill chamber. Simultaneously, the flows of
aspiration air strenuously act upon the materigrspersed inside the tube-auger; the flows septrat
small particles and move them in the directionrdbading grate 6. The sizing of the milled mateimal
the fine mill chamber and removal of fine particlesh the flows of aspiration air allows reducing
time spent by the material in the mill chamber angroving the milling process efficiency [3].
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Figure 1. The intra-mill recirculation device for the tubulaill

Studies of load kinematic movements by means di-Bgeed photography of the grinding bodies
were conducted during experimental installatiometeeal specific effect that the intra-mill devicash
on the internal processes inside the tubular ik installation is a barrel mill with a transparend.
The intra-mill recirculating device is installedside the mill's barrel.

During the experiments, a process was discovereshwarpart of lifter's load was returned from its
cavity back to the mill chambefFigure 2); this process reduces load volume involved ifte t
recirculation and sizing of material. Besides tlia¢, discarded part of the lifter's load hits tlaerél
lining, adversely affecting its durability and ttudtthe grinding bodies as well.
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Figure 2. The results of high- speed photography of the Icgidmnvement

2. On peculiarities of load's movement in the ligr
To study the nature of load's slinging-out of tifted's body, a mathematical modeling was performed
for a point mass moving inside the lifter's cavitthe modeling was performed on the following
assumptions:

« the load fills the lifter at the area, correspogdio the loading hole;

» each body of load inside the lifter's body is mgvin a plane which is perpendicular to the

mills' axis of rotation;
« the bodies inside the lifter's cavity move prognedg with respect to the lifter's surface.
At the starting moment for the movement, alonglitter's surface Figure 3), the point mass is

subjected to:G — gravity; N, — the force with which the lifter acts onto thedipqsupport reaction
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force);
F, — maximum static friction forceE" — normal component of the relative force of ireerti

Figure 3. The starting moment of the intra-mill device's mment inside the lifter.

According to the d'Alembert's principle:
G+N, +F -ma=( 1)
wherem is the weight of the mass point, kais the absolute acceleration of the point mass’. m/
According to the Coriolis theorem on summation afederations:
a=3y +a +a, (2)
wherear is the relative acceleration of the mass poini;,z;na{e is the translational acceleration of the
mass point, mfs A, is the Coriolis acceleration of the mass poimszm/
The translational acceleration is represented bgtemt angular speed rotation, theg,is directed
towards the center of rotation and its modulugjisaéto:

2=, ©
wherer is the distance from the mill barrel's axis ofta@in to the mass point.
r=Ry =y (4)

where R, is the radius of the mill barrel in clear, m; is the initial distance from the mass point to

the internal surface of the barrel, m.
The relative acceleration is determined with theagign:

5 A0 (5)
&

wheref,r is the relative movement speed, m/s,

while Coriolis acceleration:
8, = 6xD,]- (6)
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Thus, in the starting moment of the transIationai/enmentl,r =0:

8=8,=C (7)
Considering equations (2), (3) and (6), equatignq Written as:
G+N +F -ma=C (8)
In terms of projections onto coordinate axe's,, equation (7) is written as:
{G [$ina, —F, —ma, = 0. (9)
Gltosn, —N, =0;
whereg,, is the angle at which the movement of the masst@dong the surface of the lifter starts, in
degrees.
The force of friction is determined with the eqoati

F=fN, (10)
wheref is the coefficient of sliding friction of the loamh the lifter's surface.
Considering equations (3) and (9), equation (8)riten as:
{mg[&;inao ~-fN, ~me? =0, (11)
mglLtosy, — N, =0.
Having determined\, from the second equation of the system (10) asdrtimg it into the first
one, one gets:

mgCsina, —f mg [£osu, — Mo’r =0, (12)
Let us divide equation (11) term-by-term by theugabf mg :
2
sina, -f cosu, = [EJ : (13)
®g

here: W, = /y wheny = R, the value of@0 coincides with the critical angular rotational egeof
r

the mill barrel.
By some trivial mathematical transformations, letmansform equation (13) as:

(90,)
, _\Jo 14)
sin(a, —¢. ) =~4—=> (
(0 =¢:) 1+ f2
where the value of friction anglg. is given by the equation:
¢. = arctg(f)- (15)
Equation (14) possesses a solution, if

(0,) = e

When friction coefficient f = 0.3+0.5{ is a small quantity in comparison with one, this
dependency (15) is written as:

co<0)0(1+%f2)- 17)

From inequality (17), it follows that equation (1d@ssesses a solution, if angular rotation speed
o of the mill is less than the value of (1.0225-28)6w,, which holds at operating values of the

angular rotational speed of the mill barrel for atigtance between the mass point and the axis of
rotation within the limits of the barrel's surface.
When condition (17) holds, the solution of equatib4) is written as:
ol\g/r)?
a, = arctg(f)+ arcsin(—) (18)

V1+f2
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The obtained equation allows determining an andiere the movement starts along the lifter's
surface.

Radius r of the mass point inside the lifter takes valuesmMeen radiuR, characterizing the
diameter of the mill chamber in clear, upReh,,, whereh,, is the length of holes in the lifter. The

friction coefficients takes values depending oteli internal surface roughness, between 0.3 d&d 0
Figure 4 shows dependence of the starting angle of théivelenovement for different mills for the
friction coefficient of 0.4.

rad

Iy
60

0.3 0.6 0,9 12 1.3 15 m

o)

Figure 4. o, as a function of when f=0.4 for different mills with diameters:
1-26m 2-3m; 3-32m; 4-4m.

At the first stage, the relative movement of thessnpoint inside the lifter's cavity proceeded in
accordance with the equation:
ma = G+ N + F - ma- ma,, (19)
where ma, = IEQ is the relative normal force of inertiaa,, = Eo, is the Coriolis force of inertia,
H

Taking into account the lack of movement alongdheaxis, the function describing the movement
along the lifter is written like:

m%:mgl}“ir‘(wt)—fmg [tost) + (20)

+2 fm m@ -mo?(R, -, (),
Switching to dimensionless variablegs and ¢ :

T,(t —
A @
b
we obtain a second-order differential equationcdbig the relative movement of the mass point at
the first stage:

(6@) L daE@D) oo (0 ) e is [ P
vZ 2f a6 ‘W’)'(Xj [sin(¢) - fcoq¢) | (1 Rj, (22)
whose solution shall satisfy the initial conditson
déij(;O) =0 and él(ao):o (23)

The second stage of the mass point movement comdspo lifter's rotation angle‘g2 % Angle

% | reflecting the change of movement, is determinitd the equation:
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Zw% =gltosy, (24)

In this moment (the breakaway), reaction forgeofthe support becomes zero, and the mass point
with a certain initial speed switches to a freé ti@jectory. The nature of the subsequent movement
depends on the radius of the mass point's locafionload layers, which are closer to the bareells
than R-h,, during the breakaway, there is a carry-over tooghgosite wall of the lifter and continuing
movement along its track. For the layers whichfarther thanR-h,, , there is a switch to the free fall
trajectory with the further slinging out of thetdif's cavity. This is the event that was seen duttie
high-speed filming in the laboratory.

During the second stage, the relative movemertiehtass point inside the lifter's caviiqure
4.) is described with a second-degree differentiabgign:

d2 2 d 2 cr ? H hinit
) o0 L) {2 [sn(o) s o)) +Pe-c ). (29)
whose solution shall satisfy the initial conditions
altn) - %l8) ang g, (a) =, (a) (26)

dg dg

Figure 5. The relative movement of the mass point insiddiftex of the intra-mill device after carry-
over

In Figure 6, there is a graphic representation of the resolt¢ained by solving the previously
stated differential equations. There are functitinking the dimensionless relative movement ofyood

§(¢) to lifter's rotation angle® for mass points at a distance of 1; 1.1; 1.2; 1.8;and 1.5 m.
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Figure 6. Dependency of dimensionless variabﬂé¢), characterizing the relative movement of the
body along the surface of the lifter on the lietation angle for a tubular mill with @3 m, f=0.4
w=1.778 rad/s, and initial radii of the body'sleacat1 —1m;2-1.1m;3-1.2m;4-1.3m; 54

m; 6—-15m.

Figure 7 shows the diagrams, characterizing the relativeemmznt of the mass points along the
lifter's surface.
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Figure 7. The relative movement of a body along the liftedsface depending on the lifter's rotation
angle for different initial radii of the body's laigon.

In Figure 6 andFigure 7, the curves in Area 2 reflect solutions of equa(i@®) satisfying initial
conditions (23) for different initial locations, W&in Area 3 there are similar curves, correspogdo
solutions of equation (25) and initial conditio2§Y.
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Thus, the movement of the load inside the liftedsity proceeds in the following way: when the
barrel rotates, the grinding bodies and materigh@lifter's body are initially motionless withsgeect
to its surface and move with it along the circutajectories, and at certain rotation angles thext s
moving along its internal surface in a directioonfr periphery to the center. Different starting asgl

o, of the relative movement correspond to a diffesatting position of the load with respect to the
axis of rotation. The closer is the layer of thedoto the axis of rotation, the sooner it starts
participating in the relative motion. Each layershts corresponding angle, for switching the

movement mode. At lifter's rotation angles< ¢ <a, the load is moving following equation (22).
During the rotation at the angle af, a relevant load layer is carried-over from orde f the lifter's

surface to the other.
Until this moment, only a part of the load is closethe axis of rotation thaR-h,, (in Figure 6 it

is less than R=1m), which leads to the load's Blopgut.

With the help of the previously described equatitmrsa mass point movement inside the lifter's
cavity, one may determine the cut point, dividihg toad inside the lifter's cavity into two areAs:
and B, with different character of movement.

Figure 8 gives an example of the cut point surface for kwith a diameter of 3m,when f=0.4
andw=1.778 rad/s.

If a body is in area A, then, during the movemérghifts to the free fall trajectory, leaves tifeet
cavity and does not end up in the tube-auger'sycavi

If at the breakaway moment the body is in areatBstays in the lifter's cavity and continues
movement along its track.

axis of rotation lifter loading hole cut point

direction of
rotation

Figure 8. Load cut point in the lifter

3. Conclusion
The mathematical modeling resulted in obtaininglyditzal and graphic dependencies, allowing
determining an initial moment and functions thasaltibe the load's movement with respect to the
intra-mill recirculation device lifter's surface.

During the modeling, the moment and conditions watermined, when a carry-over of the load
to the opposite wall of the lifter takes placevadl as the functions, describing load's movemeént a
this stage. A cut point was found in the lifteravity, allowing determining the part of the loadth
slings out of the lifter's cavity.

The obtained equations allow designing the intrth-d@vices for tubular mills at a totally new
level and assessing its influence on the millingcpss.
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