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Abstract. The article discusses the issue of determining the newly formed
specific surface of the cement clinker taking into account the lateral surface
of the seal area. When developing this technique, the assumption that the
newly formed particles have a shape close to spherical, has been made. The
obtained ratio determines the work that considers the formation of
thecement clinker material new surface, depending on the size of the
original and newly formed material. An arithmetic expression is given,
defined as the minimum amount of energy that must be introduced into the
deformation zone for the destruction of a cement clinker particle to occur.
The presented technique is specified taking into account the fact that
defects are introduced into the crushed material particle. Taking into
account the fact that the grinding ball makes an impact in one cycle of its
movement, the value of the newly formed surface of the material in the ball
mill is determined in one hour of its operation.

1 Introduction

Portland cement is one of the main building materials used in construction. At the same
time, the production of Portland cement is characterized by both thermal and electrical high
energy consumption [1, 2]. For the production of cement, depending on the method of
production, up to 150 kW-h/t [1, 3]. One of the most energy-intensive processes in the
production of cement is fine grinding of cement clinker and additives [1, 4, 5].

For fine grinding of cement clinker and additives, ball mills of various sizes are mostly
used [1, 2, 6, 7]. These grinding units are distinguished by the simplicity of their design, its
operation and repair [8-12]. However, a significant amount of energy spent on fine grinding
of clinker and additives forces a large number of researchers to offer to the market grinding
units based on other grinding principles [13-16].

To improve the grinding process in ball mills, many authors propose various models of
interaction of the ground medium with grinding bodies [17-21].

There is a work [22] in which the destruction of a clinker particle occurs due to the
energy introduction into the particle by the grinding body. The work [23] considers the
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destruction of particles as a result of a generalized thermodynamic force, due to the
stretching of the particle itself when an external force is applied to it.

Taking into account the approach proposed above, when a grinding medium acts on a
particle, the work the value of which can be found if we use the formula (8), will be
performed [22]. To calculate the coefficient of energy expansion o, included in this
equation, we calculate the change in the volume of the seal area in the infinitesimal process
of energy introduction Q. Therefore, we have:

dV =d(nr’h) = 2nrhdr + mr’dh = 2nr2h£ + nrzh% . ()
r
The relation (1) can be reduced to the form:
dv =2V,de, +V,de, . 2
d
It is taken into account here that de, = @& , adg, = % )
r
Taking into account the expression (1), the relation (2) takes the form:
2
dv=V,|1-— |dg, . 3)
W,
Similarly, we find that
dQ =— hdF. @)

The minus sign in the formula (4) means that with deepening into the seal area, the
value of force Fis decreased. As

dF= S(x) dr, (5)
where 7 is the compression stress, Pa;
dr= Exdsy, . (6)

Taking into account the equations (5) and (6), the expression (4) can be represented in
the following form:

dQ =-V,E,de, . (7

Substitution of the equations (3) and (7) into the expression (3) [22] leads to the
following value for the matter energy expansion coefficient in the seal area:

a2t 5)
WEV,
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The expression for the generalized thermodynamic force fwill be found from the
relation connecting the equality of the compressive and tensile stresses on the lateral
surface of the seal area (the lateral surface of the cylinder with the radiusrand height /).
Therefore, we have

fogSL. ©)

1

Here S| is the lateral surface of the seal area, equal to:

3
S, =2nrh=2n /2—86R§ = m/ 83 R (10)
1+x 1+x

Saq defines the total surface of cement clinker particles having an average diameter d,
formed in the process of the original particle destruction, then:

Si=nd?n (1D

Where n, is a number of newly formed particles’parts.

To determine the number of newly formed particles’parts, we proceed from the
following assumption: the newly formed particles have a shape close to spherical (the
assumption of a different shape, for example, cubic for both the original particle and the
newly formed one, does not change the generality of reasoning for calculating the valuen;,
but leads only to a different coefficient value).

4
~aR3
L3 8R) (12)
1= 307 430
nd d
6

Substitution of the equation (12) into the equation (11) leads to the following
expression:
3
_8& (13)
d

Taking into account the equations (13) and (10), the expression (9) can be represented

in the following form:
8(1+x) R,
4 JT d

Applying the equations (14), 8), to the expression (8) [22] we find the value of the work
done by the seal area during the expansion:

2
4 /8(1tx) '(2—u2)0Q R, 24n(l —22u2)0 R (15)
3 w,E, d d0d°E,

The obtained relation (15) determines the work done as a result of the introduction into
the deformation zone of the energy determined by the formula (15) [23], which is spent on

Sq
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the initial material destruction. On the other hand, the work that must be spent on the
cement clinker destruction with the formation of a new surface Socan be written as follows:

A=v-S, (16)

where v is specific surface energy, J/m?.

If we take into account that the work, given by the formula (15), is spent on the
formation of a new surface So, then the obtained relations (15) and (16) make it possible to
determine the analytical dependence of this surface depending on the technological
parameters of the grinding plant. In view of the above-said, we obtain the expression that
determines the formation of a new surface of the cement clinker material, depending on the
original and newly formed material size.

50:1 8(1+x) _(2—p2)rQ R, 24n(1-2p,)c’ R (17)
Y & w,E, d 8d’E,

After simple mathematical transformations, the relation (17) can be reduced to the form:

_ 4
S0=20R2 2(1':)6) _2_H2 Q _127‘5(1 2“2)&6 (18)
vE,d \j o W, o d

From the relation (18), it is possible to obtain the condition for the cement clinker
material destruction, which follows from the positiveness of the newly formed surface
value:

1

g 127, (1-2u,)3° oR;

19
Q-2+ x) d 9

0

The arithmetic expression on the right-hand side of inequality (19) can be interpreted as
the minimum amount of energy that must be introduced into the deformation zone for the
destruction of a cement clinker particle to occur. Therefore:

1
— 127[“2(1 _2M2)8E ﬂ 20
C Q-p,)2(+x) d 0

The relation (20) determines the required minimum of energy that must be transferred to
a particle of cement clinker for its destruction, depending on the characteristic parameters
of grinding bodies, material, design and technological parameters of the mill.

Taking into account the equation (20), the relation (18) is represented in the form:

S _ 2(2_u2)\)2(1+'x) GRZQ 1 Qmin (21)
o E y-Edl 0

T :
The expression (18) for the newly formed surface of a particle of crushed cement

clinker can be expressed through the average size dformed parts. For this, using the formula
(12), we establish the required connection
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Un
Sy
and substitution of the equation (22) into the relation (18) taking into account the equations
(11) and (12) [23] will lead to the following result:

R d (22)

4
3 _ _ 3 73
5, = oin {8(13+y)_2 b 3n(l-2u)n’d’s 23)
v-E NSO 28(y)
Un-d

h = 24
where y 2R, 24)
8(v)=| 2nd pp? I | (25)

P
(1 + p2y3j
P1

Taking into account the equations (24) and (25), the expression (23) is reduced to the

form:
SOZ%.G /8(13+y)_2—u2Q 1_( d J 26)
2y-E, 3’ (y) W, dm(y)
Here

4 (| 22w B e o
3mp, (120,82 ()

The expression defined by the formula (27) can be interpreted as the largest particle size
of the cement clinker, which is formed from the original particle of the material R,when
hitting it with a grinding body of size R;when the latter decays into nparts.

To determine the value of specific surface energy vy, included in the relation (16), we
assume that a tensile stress acts on the cement clinker particle o. If there are no defects
(cracks) in the clinker, then the value of the stored deformation energy will be equal to:

2
w, =% (28)
E2

where V' is a volume of the loading zone of the cement clinker particle.

In a real particle of cement clinker, there are always defects (cracks, boundaries of
sections of the main clinker minerals and vitreous matter). If there is an elliptical crack in
the cement clinker thataandb, respectively, the major and minor semiaxes of the ellipse,
then the concentration of elastic stresses occurs near it, and as a result of which there is an
increase in the energy of elastic deformations by the value:
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v a’h
E

2

W, = (29)

here y is the defect concentration factor in a clinker particle.

If we further assume that the size of the crack bin the direction perpendicular aremains
constant, and the length begins to increase, then an increase in the energy value, according
to the expression (29), will be spent on breaking intermolecular bonds, i.e., on the
formation of a new surface:

Wr=2 yab 30)
Therefore, on the basis of the energy conservation law, it is possible to write that:

2 2 2
GV+XGab:
E

2 2

2vab (31)

The condition for crack growth (the length of the crack, starting from which the
destruction of the cement clinker particle occurs) is the equality to zero of the derivative
with respect to afrom the relation (31):

2
2w5ab o 32)
E2

From the relation (32) we determine the critical crack length:

E
a =122 (33)
XO
From the expression (33) we find that:
2
X ac
Y= (34)

The compositionya, having the length size, can be called the grinding parameter, the
value of which for a cement clinker particle can be determined experimentally.
Taking into account the equation (34), the relation (18) can be represented in the

following form:
_ 4
5o 2R | 040 2w ) 120(1-20) RE (35)
yacd o u, ) d

Thus, the expression (13) determines the size of the newly formed surface in a single
interaction of a metal ball with a radius R;with a particle of cement clinker when changing
the latter from Roup to d.

At the next impact of the ball on a crushed particle with a diameter d, is assigned a
value R, in the formula (15) and the following value d is determined.
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Within one hour, the clinker particle will perceivekblows from the condition that the
ball makes a blow in one cycle of its movement. This cycle is made up of time #the
movement of the ball along a circular path along with the drum of the mill and time #the
movement of balls along a parabolic trajectory in their free fall. Taking this into account,
the number of impacts of the ball on the clinker particle within one hour is determined by
the formula

3600
1, +1,

k (36)

Taking into account the recommendations of M. Ya. Sapozhnikov [24], we determine
the parameter & for a ball mill from the ratio:

~60-0.692

t+t, =

n
where 71 is the mill drum rotation speed, rot/min.
Then the relation (2.73) takes the form:

f=| 2000 | gq, (37)
60-0.692

To define the newly formed surface Sparticles of the original cement clinker, we find
the number of cement clinker particles Nto be destroyed. From the practice of operating ball
mills, it is known that the particles of the crushed material are in the voids between the
grinding bodies. Obviously, based on the above-said, the parameter Nis determined from
the relation:

n=Yi=Vm (38)

where V; is loading volume of a ball mill with a clear radius Ry and length Lo, which is
determined according to:

Vi= TCR20 Lo [0) (39)

Here ¢ is a ball mill load factor; V} is sphere volume, m?; n, is a number of grinding
balls in the drum of the mill, pcs.; V), is volume of a clinker particle to be crushed, m®.

Substitution of the expression (39) into the equation (38), taking into account the sizes
of grinding bodies and particles of ground materials, leads to the relation:

TR Lyp— 4 nR’'n,
N= 3 -
4

E'ERZ

(40)

The relation (40) obtained above can be conveniently reduced to the following form:

3

R*L

A,:§¢03u_fi n, (41)
4 R R,
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Thus, as a result of the destruction N particles of cement clinker for the number of
cycles determined by the relation (37) at n-multiple grinding forms a finished product with
a total newly formed surface:

3
3oRL,( R
S,=8,-N =—M(—l} n,-S, (42)

The resulting relation (35) also makes it possible to find the value of the newly formed
surface if as Q put the value of the useful work, which is necessary to grind the material
from the original size R»to the final d.

Therefore, if the equation (35) is substituted, then:

O =4,=n-4=nN,-t 43)

If in the relation (43) the value ¢ (&= 3600 s) is equal to one hour, then, taking into
account the equation (43), we find the value of the newly formed surface of the material in
the ball mill for one hour of its operation:

_ 127(1-2 s
5. - 2R,N 2(1tx) 22—, an,3600_7‘(—F‘2).R_20 (44)
xa,od ) 1, 5 d

where P defines the ball mill drive power; 1 is a ball mill performance coefficient.

2 Conclusions

Thus, the obtained expression makes it possible to determine the productivity of the ball
mill on the newly formed surface per hour of its operation.
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