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The object of the study reported here is the grinding process in 
a  tumbling mill where the mechanism of destruction by crushing 
is implemented, which is caused by the mechanism of compression  
loading. The compressive interaction in the active zone of the lower end 
of the granular loading chamber of the rotating drum at the transition  
of the shear layer to the solid zone was taken into account.

The task to determine the parameters of the compressive action was 
solved, which was caused by the difficulties of modeling and the com-
plexity of the hardware analysis of the behavior of the internal loading 
of the mill.

A mathematical model was built based on data visualization for the 
compression grinding mechanism.

The power of compressive forces was taken as an analog of grind-
ing performance. The initial characteristic of compression was consid-
ered to be the mean speed of movement in the central averaged nor-
mal cross-section of the shear layer. The influence on the performance 
of the mass fraction of the shear layer and the reversibility of loading 
was taken into account.

The effect of rotation speed on productivity was evaluated by 
experimental modeling at a chamber filling degree of 0.45 and a rela
tive size of grinding bodies of 0.0104. The maximum value of energy 
and grinding productivity was established at a relative speed of rota-
tion ψω = 0.6–0.65. The maximum value of the share of the shear layer 
loading was found at ψω = 0.4–0.45.

The results have made it possible to establish a rational speed 
during crushing by compression, ψω = 0.55–0.65. This value was smal
ler in comparison with impact crushing, ψω = 0.75–0.9. The observed 
effect is explained by the detected activation for the shear loading layer 
during slow rotation, in contrast to the fast rotation for the drop zone.

The model built makes it possible to predict rational technological 
parameters of the process of medium and fine grinding in a tumbling 
mill by compression
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1. Introduction 

Grinding is a rather energy-intensive technological process. 
Grinding mineral raw materials and cement clinker consumes 
3 % of the electricity produced in the world [1]. The high ener-
gy intensity of grinding in a tumbling mill is caused by energy 
dissipation due to the shear circulation of the internal chamber 
loading [2]. The problem of reducing the energy intensity of 
the working processes of these mills remains relevant [3].

The task of modeling and forecasting the energy consump-
tion of tumbling mills constantly attracts the attention of 
researchers [4]. A number of methods have been proposed for 
forecasting mill power consumption. In particular, empirical 
models based on visualization [5] and the effect of positron 
emission [6] were developed, as well as empirical-nume
rical [7] and statistical [8] ones. However, those methods 
turned out to be quite controversial. In addition, those models 
do not provide insight into the relationship between capacity 
and performance of the grinding process [9].

It is well known that grinding in a tumbling mill is 
carried out as a result of the simultaneous combination of 
several load mechanisms, which ensure the implementation 

of the corresponding mechanisms of material destruction. 
In [10, 11], only impact and shear are considered load me
chanisms. Impact or compression, chipping or shearing, and 
abrasion are considered separately in [12]. Finally, in [13, 14] 
impact, compression, and shear are attributed to three load 
mechanisms. Impact loading causes impulse accelerations and 
causes destruction by breaking. Compressive loading causes 
normal stresses in the material and destruction by crushing. 
Shear loading causes tangential stresses and surface friction  
and destruction by abrasion.

 

Impact 
Compression Attrition 

Fig. 1. Diagram of the three load mechanisms for grinding 	
in a tumbling mill (according to [14])
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Impact action occurs mainly with the cataracting (ca
taracting) mode of movement of the intra-chamber loading 
and high-speed rotation of the drum. Compressive and 
shearing action is realized under cascading and rolling 
modes of loading and low-speed rotation. It is believed 
that impacting mainly results in coarse grinding while 
compression and shearing allow medium and fine grinding  
to be achieved.

The most loaded part of loading is the active transition zone 
of the lower end (Fig. 2, a) [15], where intensive destruction 
of the crushed material occurs. The lower end of loading is 
considered the impact zone (Fig. 2, b) [16]. The emergence of 
the lower end zone is due to the transition of the shear layer 
into the solid zone and the implementation of the mechanism 
of predominantly compressive interaction (Fig. 2, c, d) [17]. 
The movement of the liquefied granular load in this zone has 
the character of a transient strongly unsteady turbulent flow, 
which is extremely difficult to model.

At the same time, a significant part of tumbling mills per-
forms medium and fine grinding due to a significant part of 
the impact on the grinding of the mechanism of destruction 
by crushing under compressive load. However, determining 

compressive interaction parameters is quite problematic due 
to the insurmountable difficulties of analytical and numerical 
modeling and the increased complexity of the hardware ana
lysis of loading behavior. Therefore, the quantitative results of 
the impact of the compressive action on the energy intensity 
and productivity of the grinding process remain unknown, 
which significantly limits the functionality of such equipment.

Considering the above, the task of predicting the impact 
of the compressive action of the grinding load on the per-
formance of medium and fine crushing by compression in  
a tumbling mill seems to be quite relevant.

2. Literature review and problem statement

The implementation of three mechanisms of loading and 
destruction in a tumbling mill is determined by the mode of 
movement of intra-chamber loading, the modeling of which 
is associated with significant difficulties. The intra-chamber 
loading of the mill executes a circulation movement with 
the formation of three main zones in the cross-section of the 
chamber – a solid one, a flight zone, and a shear layer one [18].

   
 
 

   

   
 
 

   

a

c

b

d
Fig. 2. The transition zone of the lower end of the load: a – scheme of the active zone (1–3) (according to [15]); 	

b – schemes of the active zone of impulse interaction (impact zone) (according to [16]); c – movement pattern in the zone 
at the degree of chamber filling κ = 0.3 and the relative speed of rotation ψω = 0.7 for different recovery coefficients of milling 

bodies εn (according to [17]); d – movement pattern in the zone at κ = 0.4 and ψω = 0.8 (according to [17])
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In [15], the position of the active transition zone of the 
lower end of loading in the cross section of the chamber was 
schematically highlighted. Intensive grinding of the material 
was found in that zone. However, the results obtained in the 
cited work do not allow us to quantitatively estimate the 
parameters of the transition zone of the lower end of loading.

The manifestation of the transition zone of the lower end 
of loading, which was defined as the zone of active impulse 
interaction (impact zone), was studied in [16, 19]. Compres-
sion and impact loading were believed to occur in that zone, 
causing crushing and shattering. However, the numerical 
parameters of the zone were not established.

Video recording of the manifestations of the transition 
zone of the volumetric lower end of the ball mill loading 
of the tumbling mill in the cascade mode of movement and 
compressive loading is given in [18]. It was found that the 
appearance of that zone is not related to impact loading, and 
the dispersion of loading in it due to impact interaction is 
insignificant. However, quantitative characteristics of the 
parameters of that zone were not established in [18].

Individual characteristics of the transition zone of the 
lower end of loading in the cross section of the rotating drum 
chamber were studied by numerical methods. In [20], the 
method of discrete elements was used for the numerical study 
of the limits and speeds of the zone movement. Two types of 
toe positions were identified. Bulk lower end toe occurs with 
a cascade and slow-moving cataract mode of movement and 
compressive loading. Impulsive lower end (impact toe) can 
occur with rapid cataract mode and impact load. However, 
the results are only qualitative in nature and have not ac-
quired generalization.

In works [21, 22], the geometric parameters of the transi-
tion zone of the lower end of loading were studied using fluo-
roscopy. The structuring of the elements of the zone and their 
geometric characteristics were clarified and differentiated.  
The position of the generalized zone of the lower end of load-
ing (toe region), which contains four components, was re-
vealed. The bulk toe and the re-entry toe occur under cascade 
and slow-moving cataract mode and compressive loading. 
Impact toe and disperse toe lower extremities can occur with 
a slow-moving cataract mode of movement under impact 
loading. The position of the free surface [21] and the center of 
circulation [22] of loading was also determined. However, no 
analysis of the dynamic parameters of the movement in the 
area of the lower end of loading was carried out.

The numerical method of discrete elements was applied 
in [23, 24] to study the mechanism of loading during the 
interaction of compression loading elements. It was shown 
in [23] that crushing under compression loading is poten-
tially a particularly important mechanism of particle de-
struction in a tumbling mill. Calculations have shown that 
the compression load occurs at the lower end of the loading 
of the semi-self grinding mill and is characterized by high 
energy, low force, and high concentration. Instead, only 
qualitative analysis results were obtained in [23]. In [24], 
3 forms of loading interaction energy during grinding in 
tumbling mills were analyzed – impact, dissipation, and 
maximum impact energy. It is shown that it is the collision 
energy of large and small loading particles that determines 
the productivity of the grinding process and the grinding 
tone. However, the reported qualitative results are unsuit-
able for quantitative analysis.

The movement parameters of the shear layer loading 
chamber of the rotating drum were studied in [25, 26]. 

In [25], an experimental method of radiography of the move-
ment of loading particles was used. However, the kinematic 
parameters of the shear layer zone were not considered. 
In [26], the numerical simulation of the behavior of the 
intrachamberl loading in the cataract mode of motion was 
performed using the discrete element method. The flight, 
shear layer, and passive zones were distinguished. However, 
the results concern only the geometric and kinematic para
meters of the zones.

In works [27–29], a method of analytical-experimental 
modeling of movement zones of granular loading in the 
cross-section of a chamber of a rotating drum was devised. 
The algorithm for implementing the method is given in [27]. 
Modeling involves constructing movement patterns by de-
termining the position of the boundary of the transition of 
the passive zone into the fall zone [28] and the parameters of 
the shear layer [29]. However, the results did not provide an 
assessment of the energy and technological characteristics of 
the grinding process by compressive action.

In [30–33], the geometric and kinematic parameters of 
the active zone of loading movement were studied using the 
visualization method. In [30], the dynamic parameters of the 
self-oscillating action of loading and the technological charac
teristics of grinding for one value of the degree of filling of the 
chamber were quantitatively evaluated. The influence of the 
degree of filling on the efficiency of self-oscillating grinding 
for one value of the content of particles of the crushed mate-
rial in the load is considered in [31]. In [32], the effect of ma-
terial content on the modes of movement of grinding bodies 
and the efficiency of self-oscillating grinding for one filling of 
the chamber was studied. The influence of the simultaneous 
change in the degree of chamber filling and the content of the 
crushed material on the grinding process was studied in [33]. 
However, the results relate only to the case of the self-oscil-
lating mode of motion when implementing the established 
mechanism [34] of the loss of motion stability [35].

In work [18], a mathematical model was built based on 
data visualization for the grinding mechanism by breaking 
under the action of the impact loading mechanism in a tum-
bling mill. The effect on performance of the mass fraction of 
the flight zone, load reversibility, and rotation speed was con-
sidered. However, the results refer only to the impact grinding 
performance.

No models have been constructed to determine the 
compressive performance of an in-chamber mill loading on 
material being milled in a tumbling mill. This is due to the 
difficulties of analytical and numerical modeling and the 
complexity of the instrumental experimental study of the be-
havior of the active zone of the lower end of the granular load-
ing chamber of the rotating drum. The lack of such models  
is especially negative in the case of the implementation of the 
energy-saving process of medium and fine grinding.

3. The aim and objectives of the study

The purpose of this work is to build a mathematical mo
del of the loading mechanism by the compressive action of 
the grinding bodies of intra-chamber loading on the parti-
cles of the material crushed in the tumbling mill. This will 
make it possible to establish the dynamic characteristics of 
the compressive action of the grinding load and to predict 
the parameters of the grinding process by implementing the 
mechanism of destruction by crushing.
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To achieve this goal, the following tasks were solved:
– to perform analytical modeling and set the parameters 

of the compressive interaction of the intra-chamber loading 
of the tumbling mill;

– to perform experimental modeling and evaluate the 
effect of rotation speed on the energy and productivity of the 
process of grinding by crushing as a result of the implementa-
tion of the compressive interaction mechanism.

4. The study materials and methods

4. 1. The object and hypothesis of the study 
The object of our research is the process of grinding by 

compression in a tumbling mill. The subject of the study is 
the mathematical modeling of the process of compression 
loading, which causes the implementation of the mechanism 
of destruction by crushing.

It was believed that the compressive interaction of load-
ing elements is carried out on the transition surface of the 
shear layer into the solid zone, which is the contact surface. 
This contact surface is located at the lower end of the cham-
ber loading. The compressive interaction was assumed to be 
completely inelastic. The influence of shock and shear inter-
action forces on the grinding process was neglected.

The model of the compression grinding mechanism was 
based on the relative dynamic parameters of the compression 
interaction, which are criteria for the similarity of the loading 
movement and the grinding process. The power of the com-
pressive interaction was considered to be an analog of the 
productivity of the compression grinding process.

It was assumed that the drum chamber is long. It was 
adopted that the interaction of the chamber with the load 
is carried out mainly on a cylindrical surface. The influence 
of the end walls of the chamber on the movement of loading 
was neglected.

The mode of movement of the load in the chamber of the 
rotating drum was assumed to be stable. It was accepted that 
the parameters of this regime are determined by the statio
nary patterns of loading movement.

As a simplification, the case of monofraction loading of 
the rotating drum chamber was considered. The accepted 
discrete value of the degree of filling of the chamber was 0.45, 
which corresponds to the grinding process in a tumbling mill 
with a high throughput for the yield of the finished product.

4. 2. Research methods
As a method of experimental research, physical data visua

lization was adopted since the marginal effect of the loading flow 
on the end wall of the chamber turned out to be insignificant.

To determine the parameters of the compressive in-
teraction, an experimental method of numerical modeling 
was applied based on the experimental visualization of its 
behavior in the chamber of a rotating drum. Visualization 
was carried out by recording through a transparent end wall 
and further processing of images of loading movement in the 
cross-section of the chamber. The algorithm for implement-
ing the data visualization method consists in the sequential 
implementation of such stages [18]. The peculiarities of the 
application of this method in the study of the parameters of 
the compressive interaction of loading are the implementa-
tion of the following stages:

1) select the central averaged normal cross-section of the 
shear layer on the obtained image of loading movement;

2) measure on the image of the radial coordinate of the 
base of the central averaged normal cross-section of the shear 
layer Rsl;

3) measure on the image of the height of the central aver-
aged normal cross-section of the shear layer h;

4) calculate the values for the parameters of the compres-
sive loading interaction using the corresponding expressions.

A stroboscopic tachometer was used to measure the 
rotation speed. When using error propagation analysis, the 
error of velocity measurements was approximately ±3 %.  
The evaluation was carried out by measuring the steady-state 
rotation speed 5 times for one mode of loading motion.

Standard software was used to measure linear dimensions 
and areas of geometric shapes in motion images.

A laser-type analyzer was used to measure the size of the 
loading particles.

Laboratory beakers were used to dose the loading portion. 
Portion volume was determined at rest.

In order to exclude the influence of random factors on 
the reliability of the measurement results, 3 motion patterns 
were acquired for one value of the rotation speed ψω. The 
deviations of the results of measurements of linear dimen-
sions and areas of geometric shapes in motion images for each 
speed of rotation were 2–3 %.

The applied procedures for treating the results of the 
experiments corresponded to the set tasks.

When conducting experimental studies, the errors of the 
measurement results were determined and estimated, the 
values of which depended on the speed of rotation.

The content of the loading chamber was estimated by the 
degree of filling κ = w/(πR2L), where w is the volume of the 
loading portion at rest, R is the radius of the chamber, and  
L is the length of the chamber. The discrete value of the de-
gree of filling was κ = 0.45.

The speed of rotation was estimated by the relative speed 
ψ ωω = R g , where ω is the angular speed, g is the gravita-
tional acceleration. The discrete values of the relative speed 
of the stationary rotation changed with a step of Δψω = 0.05.

Loose granular material with spherical particles with 
average absolute d and relative size ψd = d/(2R) = 0.0104 was 
used as loading.

5. Results of investigating the crushing process  
in a tumbling mill with compressive action

5. 1. Results of analytical modeling of compressive in-
teraction of intra-chamber loading of a tumbling mill

During the compressive interaction of the milling body 
located in the zone of the shear layer with the bodies of the 
solid loading zone, a jump-like final change in the speed of the 
body occurs. At the same time, an impulse force acts on the 
transition surface of the shear layer into the solid zone, which 
is the contact surface, for a short period of time. Momentum 
is a measure of the strength of the compressive interaction.

The duration of the compressive interaction is short. 
Since the compressive impulse has a finite value, the mo
dulus of force of the grinding body can be quite large, which 
ensures the implementation of the grinding process by crush-
ing action. The impulse interaction of loading elements was 
assumed to be inelastic. On the considered contact surface, 
which is the transition of loading movement zones, the in-
fluence of non-impulsive interaction forces on the grinding 
process is negligibly small.
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The dynamic effect of the compressive action of milling 
loading can be estimated by the impulse, work, and power of 
the compressive interaction forces. Impulse characterizes the 
intensity of the compressive interaction, work – the energy of 
grinding by the compressive action. The technological effect 
of the compressive action is determined by the performance of 
the compression grinding process, the value of which is esti-
mated by the power of the impulse interaction forces.

An approximate implementation of such an assessment is 
carried out using specific and absolute relative analogs of the 
dynamic parameters of compressive interaction. Initial data 
for determining the parameters are obtained in a simplified 
way by visualizing loading motion patterns in the cross-sec-
tion of the rotating chamber.

The initial characteristic that approximately determines 
the magnitude of the compressive action is the average value 
of the speed of movement in the central averaged normal 
cross-section of the shear layer Vsl:

V
R R

hsl

sl=
−( )ω 2 2

2
,	 (1)

where Rsl is the radial coordinate of the base of the central ave
raged normal cross-section of the shear layer; h is the height 
of the central averaged normal cross-section of the shear layer.

The magnitude of the impulse is determined by its corre-
spondence to the change in the amount of movement of the 
load. It is believed that the value of the speed of movement 
after the compressive impulse interaction is small.

The specific relative momentum of the force of com-
pressive interaction Sslr corresponds to the ratio of the ave
raged absolute momentum of a unit of loading mass to the  
value Rg :

S
V

Rg
slr

sl= .	 (2)

After the transformations, expression (2) takes the form:

S
R R

h Rg
slr

sl=
−( )ω 2 2

2
.	 (3)

The magnitude of work of the force of compressive inter-
action is determined from its correspondence to the change 
in kinetic energy during the duration of the interaction.

The specific relative work of the vertical component of 
the force of compressive interaction Acbrs corresponds to the 
ratio of the averaged absolute work of a unit of loading mass 
to the value Rg( )2

:

A
V

Rg
cbrs

sl=










1
2

2

.	 (4)

After the transformations, expression (4) takes the form:

A
R R

h Rgcbrs

sl=
−( )ω2 2 2 2

28
.	 (5)

The relative energy of grinding by crushing for one cir-
culation cycle of loading in the rotating drum chamber Ecbrc 
corresponds to the full relative work of the compressive 
interaction forces for one circulation cycle:

E A Kcbrc cbrs sl= ,	 (6)

where Ksl is the mass fraction of the loading shear layer zone.

The expression for Ksl takes the form:

K
m
msl

sl= ,	 (7)

where msl is the mass of the loading shear layer; m is the mass 
of the entire load.

The value of Ksl can be approximately determined by 
the method of visualizing loading movement patterns using  
the expression:

K
F

Rsl
sl

sl

=
π κυ2 ,	 (8)

where Fsl is the area of the shear layer zone in the movement 
pattern; υsl is the dilatancy of the shear layer.

Since the increase in the volume of the shear layer 
during movement is small, the value of its dilatancy tends to  
zero υsl →1.

After transformations, expression (6) takes the form:

E
R R

h Rg
Kcbrc

sl

sl=
−( )ω2 2 2 2

28
.	 (9)

The relative crushing energy for one revolution of the 
drum Ecbrt corresponds to the complete relative work of the 
vertical component forces of the compressive interaction in 
one revolution:

E E ncbrt cbrc to= ,	 (10)

where nto is the reversibility of loading movement, which 
determines the number of cycles of loading circulation in the 
chamber during one revolution of the drum [18].

After the transformations, expression (10) becomes:

E
R R

h Rg
K ncbrt

sl

sl to=
−( )ω2 2 2 2

28
.	 (11)

The analog of the relative productivity of grinding by 
crushing Qcbr corresponds to the relative power of the verti-
cal component forces of the compressive interaction:

Q
E
Tcbr

cbrt

tr

= ,	 (12)

where Ttr = ( )2π ψω  is the relative drum rotation period.
After the transformations, expression (12) takes the form:

Q
R R

h Rg
K ncbr

sl

sl to=
−( )ω

π
ψω

2 2 2 2

216
.	 (13)

The applied relative parameters (2) to (13) are dynamic 
criteria for the similarity of loading motion and grinding 
process in a tumbling mill by crushing action. The values of 
the dynamic parameters according to expressions (3), (5), 
(9), (11), (13) make it possible to numerically evaluate the 
changes in the technological effect of the compressive action 
of loading depending on the initial characteristics of the 
grinding process.

5. 2. Results of experimental simulation of compres-
sive interaction of intra-chamber loading of a tumbling mill

Using the method of physical data visualization, patterns 
of the steady motion of loading in the chamber of a stationary 
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rotating drum at κ = 0.45 were obtained [18]. The resulting 
patterns characterize the influence of the rotation speed on 
the position and mass fractions of the load movement zones 
in the rotating chamber.

The plots of results of the experimental determination of 
change in the parameters of the compressive interaction of 
loading at κ = 0.45 are shown in Fig. 3–8.

The plot of change in the specific relative momentum of 
the force of the load compressive interaction Sslr on the re
lative speed of rotation ψω is shown in Fig. 3. The Sslr values 
were determined from expression (3).
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Fig. 3. Experimental dependence of change in the specific 
relative momentum of the force of the compressive 

interaction of loading Sslr on the relative speed 	
of rotation ψω

The plot of change in the specific relative work of the 
compressive interaction force Acbrs on the relative speed of ro-
tation ψω is shown in Fig. 4. The Acbrs values were determined 
from expression (5).
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Fig. 4. Experimental dependence of change 	
in the specific relative work of the force of compressive 

interaction Acbrs on the relative speed 	
of rotation ψω

The plot of change in the mass fraction of the shear  
layer zone Ksl as a function of the relative speed of rotation ψω 
is shown in Fig. 5. The Ksl values were determined from ex-
pression (8).

The plot of change in the relative energy of crushing by 
compression for one cycle of circulation of loading in the 
chamber of a rotating drum Ecbrc on the relative speed of ro-
tation ψω is shown in Fig. 6. The Ecbrc values were determined 
from expression (9) taking into account (8).

The plot of change in the relative energy of grinding 
by compression for one rotation of the drum Ecbrt on the 

relative speed of rotation ψω is shown in Fig. 7. The Ecbrt 
values were determined from expression (11) taking into 
account (8).
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Fig. 5. Experimental dependence of change 	
in the mass fraction of the shear layer 	

zone Ksl on the relative speed 	
of rotation ψω
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Fig. 6. Experimental dependence of change 	
in the relative energy of crushing by compression 	

during one cycle of loading circulation in the chamber 	
of a rotating drum Ecbrc on the relative speed 	

of rotation ψω
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Fig. 7. Experimental dependence of change 	

in the relative energy of grinding by compression 	
in one revolution of the drum Ecbrt on the relative 	

speed of rotation ψω

The plot of change in the analog of the relative pro-
ductivity of grinding by compression Qcbr on the relative  
speed of rotation ψω is shown in Fig. 8. The Qcbr values 
were determined from expression (13) taking into ac- 
count (8).
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Fig. 8. Experimental dependence of change in the analog 	

of the relative productivity of grinding by compression Qcbr 
on the relative speed of rotation ψω

The resulting experimental dependences of the numeri-
cal values of the parameters of the compressive interaction 
of loading characterize the quantitative influence of the 
rotation speed on the process of crushing by compression in  
a tumbling mill.

6. Discussion of results of investigating the grinding 
process in a tumbling mill by compressive action

The results of analytical and experimental modeling have 
made it possible to qualitatively and quantitatively assess the 
influence of the load movement parameters in the rotating 
chamber on the compressive interaction.

The initial characteristic, which approximately determines 
the value of the compressive action, was revealed. This is the 
averaged value of the speed of movement in the central averaged 
normal cross-section of the shear layer Vsl (1). The compressive 
interaction is realized during the pulsed transition of the shear 
layer into the solid zone at the boundary, which is located at the 
lower end of the loading chamber of the rotating drum.

It was established that the value of the analog of grinding 
performance in a tumbling mill by compression Qcbr (13) is pro-
portional to the square of the initial characteristic Vsl (1). In ad-
dition, the performance is proportional to the value of the shear 
layer zone mass fraction Ksl (8), loading reversibility nto [18], 
and drum rotation speed ψω. A significant effect exerted on the 
performance by the mass fraction Ksl was revealed, the value 
of which reaches its maximum value at the relative speed of 
rotation ψω = 0.4–0.45 (Fig. 5). The influence of reversibility nto 
increases with a decrease in ψω [18]. The defining characteristic 
of the compressive interaction is the speed ψω, which deter-
mines the values of parameters Vsl, Ksl, and nto.

The conditions for achieving the maximum values of the 
parameters of the compressive loading interaction have been 
established. The impulse Sslr (Fig. 3) and work Acbrs (Fig. 4) 
reach their maximum at the speed ψω = 0.85. And the ener-
gies Ecbrc (Fig. 6) and Ecbrt (Fig. 7) reach their maximum at 
ψω = 0.6 while the productivity Qcbr (Fig. 8) – at ψω = 0.65. 
This is due to the fact that with a decrease in the speed ψω 
from 0.85 to 0.6–0.65, there is a significant, approximately 
3-fold, increase in the mass fraction Ksl (Fig. 5). In addition, 
the turnover value nto increases by 1.11 times [18].

Analysis of Fig. 7, 8 proves that the rational range of ro-
tation speed values for crushing in a tumbling mill with com-
pressive action can be considered to be ψω = 0.55–0.65. At the 
same time, the values of energy Ecbrt (Fig. 7) and productivi-

ty Qcbr (Fig. 8) of grinding by compression acquire a fraction 
of 0.83–0.92 and more, from the maximum possible values.

The results reported in this work regarding the rational 
range of rotation speed ψω = 0.55–0.65 coincide well with the 
data from [2, 36, 37], as well as with GOST 10141-91 and its 
analogs [38, 39]. In those sources, the processes of medium 
grinding in tumbling mills were considered, mainly by compres-
sion during the compressive interaction of loading elements. 
In [2, 36] it was experimentally shown that the lowest energy 
consumption of dry grinding of cement clinker, limestone, and 
quartz in a ball mill is achieved at ψω = 0.55. In work [36], the 
rotation speed ψω = 0.5–0.6 was experimentally determined to 
be rational for reducing the energy consumption of the process 
of wet grinding of limestone. In [37] it was experimentally 
shown that the highest productivity of wet grinding of iron ore 
in a laboratory ball mill is achieved at ψω = 0.6. Technical stan-
dard GOST 10141-91 «Rod and ball mills. General technical 
requirements» and [38, 39] regulate the processes of wet grind-
ing of ore and non-ore minerals in tumbling mills. According 
to GOST 10141-91 and [38, 39], the rated rotation speed of 
rod tumbling mills with peripheral unloading is ψω = 0.55–0.65.

The difference between the rational values of the rotation 
speed for grinding in a tumbling mill by compression with 
compressive interaction of loading and grinding by breaking 
with impact interaction was found. The comparative analysis 
concerned the results of the work and article [18], which were 
obtained for the same conditions of experimental modeling. 
It turned out that the efficiency of crushing by compressive 
action is achieved at a lower speed ψω = 0.55–0.65 and crush-
ing by impact action – at a higher speed ψω = 0.75–0.9.

The applicability of the established dynamic characteris-
tics of the compressive action and the results of forecasting 
the parameters of the medium and fine grinding process by 
implementing the compression mechanism is limited by the 
discrete values of the initial parameters. The value of the 
degree of filling the drum chamber with loading was κ = 0.45, 
which corresponded to the grinding process in a tumbling 
mill with a high throughput. The relative particle size of the 
granular loading in the chamber was 0.0104.

The use of a discrete value of the degree of filling imposes 
certain restrictions on the application of our results, which 
can be interpreted as the shortcomings of this study. There-
fore, identifying the characteristics of the interaction of the 
elements with a different, in particular, lower filling of the 
chamber with loading, appears to be a potentially interesting 
direction of further research. This could reveal new dynamic 
effects of the compression grinding mechanism.

Disadvantages of the applied approach to assessing the 
influence of the dynamic action of loading on the grinding 
process include the failure to take into account the sliding 
grinding mechanism.

In the future, it is advisable to find out the dynamic pa-
rameters of the loading mechanism by the shearing action of 
the grinding bodies loading on the particles of the crushed 
material. This would make it possible to establish rational 
conditions for the implementation of the abrasion destruc-
tion mechanism during the implementation of the fine grind-
ing process in drum-type mills.

7. Conclusions

1. The simulation of the compressive action of the in-
tra-chamber loading of the tumbling mill is based on taking 
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into account the final change in the speed of movement 
of the shear layer on the surface of the impulse contact.  
The inelastic compressive interaction occurs in the active 
zone of the lower end of the loading chamber at the border 
of the transition of the shear layer into the solid-state zone. 
The factor of compressive action is the averaged value of the 
speed of movement in the central averaged normal cross-sec-
tion of the shear layer. Analogs of the dynamic parameters of 
compressive interaction are momentum, work, and power of 
compressive forces. The relative power of compressive forces 
can be taken as an analog of the relative productivity of the 
compression grinding process. The applied relative dynamic 
parameters of the compressive interaction are criteria for the 
similarity of the loading movement and the grinding process 
in the tumbling mill by compression.

Determining parameters of influence on the analog of 
compression grinding productivity are the speed and mass 
fraction of the shear layer, the reversibility of the charge cir-
culation in the chamber, and its rotation speed.

2. It was established that the energy of grinding by 
compression reaches its maximum value at the value of the 
relative speed of rotation of the drum chamber ψω = 0.6, and 
the analog of productivity – at ψω = 0.65. It was found that 

the mass fraction of the loading shear layer zone acquires 
its maximum value at ψω = 0.4–0.45. A rational condition 
for grinding in a tumbling mill by compression at a lower 
rotation speed ψω = 0.55–0.65, in contrast to the condition of 
impact grinding at ψω = 0.75–0.9, has been established.
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