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Abstract The possibility of improving the technical
and economic indicators of the technological process and
equipment for the cement clinker making in rotary kilns by
replacing the inclined cylindrical bodies of rotary kilns
with screw bodies mounted horizontally is shown. The
kinematics of motion of clinker particles in the screw body
of a rotary kiln for the cement clinker making is analyzed
and mathematical models of their motion inside the screw
bodies are proposed. Examples of the created spatial forms
of screw bodies of rotating furnaces with the use of the
program complex “Compass-3D” are shown. Technical
solutions protected by patents of the Russian Federation
[1-9] are offered, and designs of bodies of the rotating
furnaces are shown. The analytical study of the motion of
the particles of cement raw mass is presented in the article,
and output dependence to determine their velocity in a
screw body of the rotary kiln have particular scientific and
practical importance. In such furnaces, technical and
economic advantages are achieved due to the longitudinal
movement of the sludge pellets in a furnace for cement
clinker making, the horizontal arrangement of the rotary
kiln body and their counter flows, due to the fact that inside

the entire length of the screw body, formed of a screw
surface and helical grooves, which provide not only the
movement of granules in the sludge, but also contribute to
the intensification of the interaction of sludge granules for
cement clinker making with each other and with the walls
of the body, and this allows not only influencing the nature
of the movement of sludge granules for the cement clinker
making and expanding the technological capabilities,
increasing the intensity of heat exchange, simplifying the
operation of the rotary kiln at its horizontal location,
expanding the technological capabilities, but also reducing
the dimensions of the furnaces in length and their weight.

Keywords Screw Body, Screw Lines, Screw Surfaces

1. Introduction

In the cement production in the firing of sludge for the
cement clinker making they use powerful rotary Kkilns.
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Only in the last 20 years in the cement industry, the
capacity of a single fired unit has increased by 5 times.
The disadvantage of such rotary kilns for firing sludge in
the cement clinker making is a need to create an incline in
the body for transporting sludge while firing from loading
to unloading, causing insufficient heat transfer rate,
limited technological opportunities and complexity of
operation, large size in length [23-24]. These
disadvantages can be eliminated by providing a horizontal
axis of rotation of the body, which will increase the speed
of its rotation and simplify the operation of the furnace
due to the lack of incline of the body.

Over the past ten years, we proposed design solutions
to solve this problem [1-9] and provide the opportunity to
implement them into production.

To move the particles of the raw material mass in the
cement clinker production, technologies and equipment
are used, in which cylindrical bodies tilted towards
unloading are used as working bodies. The consequence
of this is: significant energy costs due to the large size,
limited technological capabilities, complexity of operation
and a large mass of rotary kilns. To eliminate these
shortcomings, technologies and equipment based on screw
bodies with a horizontal axis of rotation are proposed,
which allows outlining and implementing an innovative
way of development of cement production, reducing
energy costs, improving technical and economic
indicators [10-22].

For a better representation of screw bodies, we will
show their visual images made using the software package
“Compass-3D”.

To implement the proposed technologies and designs of
rotary kilns based on screw bodies, it is necessary to
create a methodology for their calculation, which allows
calculating the main parameters, including one of the
main ones - the speed of longitudinal movement of
cement clinker granules. For example, the considered
screw body of conditionally cylindrical shape is made in
the form of a tetrahedral body, has the peculiarity that the
vertices of the tetrahedrons form a pronounced three-way
cylindrical helical line. When the screw body rotates, the
clinker granules make a complex spatial movement along
three screw lines, continuously passing along its walls. If
you set an average speed of movement and mixing time
(when moving with this speed clinker granules along the
axis of rotation of the screw body), it is possible to
estimate the geometric parameter of the screw body as its
length Ly,

The inclination angle of the generative screw line
relative to the axis of the screw body j=Const, and the
edges of the tetrahedrons are secant of this line. Therefore,
to study the process of transportation and mixing of
clinker particles in a rotary kiln, its performance, it is
necessary to specify such a parameter as the edge length
of the tetrahedron “a”, and then to classify the parameters
under consideration:
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1. The constant angular parameters of the tetrahedral
screw body, which determine the spatial geometry of
the moved clinker granules, where j=Const sets the
main direction of this movement, and therefore is the
main angular parameter.

2. Variable linear parameters:

a — the edge length of the tetrahedron;
L. — the length of the screw body.

These parameters are complex functions of the state of
kinematic parameters of clinker granules movement,
transport and mixing time ty.

Figure 1. Kinematic V) and geometric characteristic j, @ of tetrahedral
screw body

2. Methods and Materials

Based on the nature of the technological process of
transportation and mixing of raw material particles
(clinker granules) in a rotary kiln during transportation
and mixing t;, should be optimal that, of course,
complicates the task of determining the parameters Ly,
and therefore the size of the screw body, as the problem to
optimize the process of transportation and mixing of raw
material particles (clinker granules) as a whole should be
solved.

To identify the qualitative side of the process, the
problem of determining the parameter L, can be
narrowed down to the following: varying the parameters a
and the time of transportation and mixing of clinker
granules — t.;,, it is necessary to simulate the parameters
of some conditional (under certain assumptions) motion of
clinker granules in order to obtain analytical expressions
to describe this motion. A characteristic feature of the real
movement of clinker granules is that in the absence of a
pressure difference from some extraneous external sources
at the input-output of the screw body, the movement will
be caused by one active force of gravity in the direction of
the screw lines. On the other hand, the movement that we
are studying will be affected by the so— called contact
forces-the forces formed as a result of collision and rolling,
as well as the friction between the moving -clinker
granules with the surface of the rotating screw body. It
should be borne in mind that the contact forces are
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involved in the direct process of transportation and mixing,

determine the mixing time t.; as the intensity of their

impact depends on the angular velocity of rotation of the

screw body. The contact forces have two ways expressed

nature:

® directivity, where they participate together with
gravity in the complex spatial motion of clinker
granules, forming a total effect;

® stochasticity, where along complex spatial trajectories
contacts (rolling and collisions) are random.

Of course, it is quite difficult to distinguish this nature,
but nevertheless it is necessary, from the point of view of
studying the real process of transportation and mixing in
two directions: kinematic and technological.

In conclusion, it should be noted that the complex
spatial motion of clinker granules is determined by the
angular parameters during the rotation of the screw body —
the rather complex spatial geometry of the angles formed
by the edges and faces of the attached tetrahedrons,
among which the inclination angle of the generative screw
line j=Const to the axis of rotation of the screw body
should be considered basic, because it determines the
nature of the movement of clinker granules along the three
screw lines (let us imagine that we, purely abstractly,
managed to reduce j —0 to zero), then with such a screw
line there would be no longitudinal movement. For
example, if we consider the rotating cylindrical surface of
the screw body, then whatever forces act in the direction
perpendicular to the axis of rotation, there would not be
any longitudinal displacement, as for a rotating cylinder j

—0.

3. Results and Discussion

If in space (figure 1) the right triple of unit vectors 1, j,
i are set, where the vector multiplication rule X = i - j
determines the direction of rotation of the angular velocity
vector of the screw body o= o - ¥, then (as established
from experiments) the direction of movement along the
axis of rotation of the screw body of clinker granules M
occurs in the opposite direction, i.e. in the direction— k.
Thus, if the vectors i, ]T, K build respectively the axis of
the spatial fixed coordinate system XVYZ, the components
of the projections of the longitudinal displacement of the
velocity V,<0,Z <0.

The direction Vj is determined from experiments, ¢ is
the angle of rotation of the screw body.

Based on the above, it is advisable to study the process
of movement of clinker granules along the direction of
screw lines, given by the inclination angles j=Const, to
investigate the behavior of some characteristics, namely
the value of the speed of movement of clinker granules,
for example, V; (figure2).
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Figure 2. Scheme of action of forces on a clinker granule in screw body
Then, as it is not difficult to see (figure 3), another
characteristic will be determined:

Vj=Vz - Cosj €))

o
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Figure 3. The scheme of directions of velocity vectors of clinker

granules at their movement inside the screw body.

For a more detailed analysis of the process of clinker
granules movement in a rotary kiln for cement clinker
making, we introduce a simplified model of “conditional
displacement”: when the screw body ® is rotated, the
conditional material point M (clinker granule) passes
under the influence of forces (active gravity), successively
from one edge of the tetrahedron (screw line) to another
(subsequent screw line), rolls down the screw lines guides,
i.e., gets the displacement (along alternating screw lines),
which we will assume according to this conditional model
to be continuous (in time). Then all continuous
conditional displacements occur at j inclination angles
relative to ¢ geometric axis of rotation of the screw body
and if the acceleration vector W, (in the planes of cross
sections) of the plane XVYZ is known, then some
acceleration W; of displacement along the directions of
the screw lines is formed (depending on the value of j —
inclination angle; obviously at j =0 there would be no
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displacements), which can be written:

WJ :WXY Sll’l_] > (2)
—i
where W;=—=".
This formula follows from simple physical
considerations.
Vector-component of the weight force:
P,=- P Coso (3)
will be projected on the j — direction by the formula
P; =P, Sinj “)

Similarly, the mass forces of friction and collisions will
be projected according to the same dependence.
According to Newton’s 2™ law

— 1 —

ny: ; ?:1 Fln (5)

where Fjincludes the component of the weight force P,:

¢ — the direction of rotation of the point M (clinker
granules) in the XOV plane;

P — the weight of the clinker granule;

P — component P on ¢-direction,

Pe — P-Cos ¢ — the value of this component per
direction ¢@.

Figure 1 shows that aBLMB, aM 10z, therefore ZsaM
(by virtue of mutually crossing pairs: 0Z and BM, Ma of
straight segments).

Therefore, the entire vector Wy, will be projected to the
direction by the dependence:

W) =W,y Sinj ©)

Let us note that if we are interested in continuous
movement (conditional) along the axis of rotation (in the
direction opposite to the choice of the Z axis, figurel), we
can write:

V_VZ:VZ:W xy’ tg js (7)

Vz
where W,=—.
Z dt

The relation (7) follows directly (figure 1) from the
condition:

cM = aM- tgj ®)
Relations (2) and (7), their compatibility should be
interpreted in this model of “conditional movement” as
follows:
Let the vectors W,, W, be projected in such a way on
the j-direction that the condition is met:

Wj =W, Sinj =W, -Cosj ©)

From these two relations (conditional to some extent)
immediately (after integration), as it is easy to see, another
characteristic will be determined (figure 4) ie., a
connection will be established between the values of the
displacement velocities under the condition ty= 0, Vj, =
V.o for the initial conditions.
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V;=V, - Cosjor V:CV—]S] (10)

Let us note that V; < V, which follows from the
expression (10), is a condition of “shortest movement”
along the direction of screw lines.

Thus, for p = r = r,(a) = const the resulting
conditional model is a special case of a crew line having,
as it is known, the following properties:

1. The tangents (in this case, the V; vector) form a
constant angle (meaning j = Const) with the axis of the
screw body.

Figure 4. The layout of the planes of action of forces on the clinker
granule in the screw body

2. The shortest distance (in our case, moving) between
two points on the cylinder along a screw line passes
through these points (this property, perhaps, reflects V; <
V, in our conditional model).

Thus, the process studied (simulated conditionally) by
us in figures 1 and 4 should be investigated:
® in cross-sectional planes X0V (W3),
® in planes of instant spins W;, where V,i designed for

constant angles on Vi,j — the direction of the vectors:
V i,j are the tangent vectors in each point of the screw
line through the vector V j and the point K i, lying on
the axis of rotation is the instantaneous plane W;:

V= [vi+vi4vi
X y z

The dependence (10) is a specific feature of the studied
real motion and mixing of clinker granules, as it is
included in the expression for the resulting value of their
velocities.

Modeling of the real process of movement of clinker
granules should be carried out taking into account these
features:
®  gravity, contact forces (interaction of clinker granules)

during the rotation of the screw body and depending
on the cross-sectional profile of the screw body cause
rotational and translational motion in the plane XOY;
® gravity as the active force directed perpendicular to
the axis of rotation of the screw body causes the

(11
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clinker granules to roll along the screw lines in the
opposite direction of the axis;

® the motion in the j direction becomes generally
known in the study of motion in the plane of rotation
XOVY (W), as it is only necessary to design the forces
considered in this plane on the j direction (it is
expressed); the j direction should be understood as the
direction of the studied motions along the vectors Vji;

® it should be noted that the definition of the nature of
contact forces remains somewhat difficult when
designing on the j direction.

When modeling, in order to obtain analytical
expressions, it is necessary to somehow “roughen” the
contact forces, as well as the geometry of the cross-section
profile of the screw body, hence the accuracy of the
studied characteristics. And the accuracy depends on the
ratio of the values of the projections on the j direction of
gravity and the resultant directed from the contact forces.
Modeling can be carried out by studying the continuous
motion of all clinker granules as a whole, as well as
individually, studying their continuous motion, for
example, each clinker granule. An obvious assumption
(coarsening) when considering these two models is the
essential condition:
® in the first model, clinker granules are considered as a
continuous medium with some conditional variable
density of mass distribution of material points;

® in the second model, clinker granules are considered
as material points of different weight.

According to the solid medium model, the most
important vector characteristic is the velocity V (x,y,z,t),
the value of which should be taken into account, taking
into account the expressions (10) and (11), and their
features. This function characterizes the flow rate of
clinker granules at each fixed point in the space of XVZ
coordinate system at time t and gives information about
the movement as a whole. The main condition for the
application of this model is that at each point of the
volume forces must be directed along the normal to the
surface, tightening the volume of clinker granules.
Contact forces in the considered model should be
superficial, short-acting. Using the apparatus of
transformation of surface integrals into volume integrals
(Ostrogradsky-Gauss formulas) it is possible to transform
these forces, to come to the equations of motion of a
continuous medium, linking the characteristics of motion
with thermodynamic characteristics. The right parts of
these equations will contain partial derivatives and
obtaining analytical expressions when integrating them
can be clearly difficult.

Therefore, it makes sense to consider the second model
first in order to identify certain qualitative features of the
simulated process.

Let each moving clinker granule be some conditional
material point of mass m, participate in the XOVY plane in
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rotational-translational motion depending on the
cross-sectional profile of the screw body (figure 5). Then,
introducing the polar coordinate system, we write in
projections on the coordinate axes:

{x = p- Cos ;

y = p- Sin @. (12)

Figure 5. Scheme of motion of a clinker particle in the XOV plane of a
screw body

The equation of motion (12) can be used to determine
Vi, @, V,, and therefore to determine V,(ZJrVy2 when
substituting into expression (11). In carrying out further
analytical research, if you design the contact forces and
gravity p, @ in the direction of change of the rotation
radius and rotation angle, respectively, it is possible to
write the known differential equations of motion of the
material point M (clinker granules) and after the
simplification p = r = rep(a) = const, we obtain an
analytical dependence for determining the longitudinal
velocity of the clinker granules in the screw body of the
rotary kiln in the form of:

V,=r-tgj-o+C. (13)

where C — constant function K- the fill factor of the screw
body and 6 - the inclination angle of the axis of rotation of
the screw body.

The conducted researches allowed receiving analytical
dependence for calculation of speed of longitudinal
movement of granules of cement clinker in the screw
body of the rotating furnace. It should be assumed that the
features of the proposed designs of the screw body include
the fact that the inner perimeter of the screw body not
only broken or smooth screw lines, but also the screw
surface along their entire length are formed, which
provides a violation of the stationary flow of particles of
raw cement mass, increase productivity and expansion of
technological capabilities. Based on the nature of the
technological process of transportation and mixing of raw
material particles (clinker granules) in a rotary kiln after
selecting the time of transportation and mixing tn; it is
possible to determine by means of the received
dependence longitudinal speed of movement of cement
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clinker granules, consequently the sizes of the screw body.

4. Conclusions

The use of the proposed designs of screw bodies, in
comparison with the known designs of similar purpose,
increases productivity significantly, reduces the size,
weight of rotary kilns and energy consumption. The
technical solutions protected by patents of the Russian
Federation are offered; the visual images of some designs
of screw bodies of the rotating furnaces executed with use
of a software complex “Compass-3D” are shown. The
analytical dependence for determining the longitudinal
velocity of clinker granules in the screw body of the rotary
kiln is obtained. The conducted researches open
possibilities of wide implementation of innovative
technologies of cement clinker making on the basis of
screw bodies of the rotating furnaces.
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