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Tubular rotary kilns are actively used in non-ferrous metallurgy, for example for sintering nepheline with limestone in
alumina production. For the most effective heat exchange due to good mixing of the material in rotary kilns, a rolling
regime characterized by the presence of an active layer and a stagnant area is maintained. Also the problem of forma-
tion of coating layers inside the kiln, which leads to a narrowing of the inner diameter of the aggregate, is known. In
this paper, using the DEM-modeling method the influence of limes on the active layer parameters: the average speed
of particles in the active layer and the share of the active layer in the aggregate at different rotational speeds and the
degree of filling of the drum. With the increase of the coating layers thickness the average speed of particles in the
active layer and the proportion of particles in the active layer in the entire profile of the kiln increases, changes in the
shape of the profile of the speed of particles in the active layer and the proportion of particles in the active layer,
depending on the thickness of coating layers are observed. The obtained conclusions are of qualitative nature and
indicate a significant influence of the coating layers thickness on the active layer parameters and the need for further
study of this process on the physical model with the real charge material.
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Effect of variation of internal diameter

along the length of a rotary kiln on material movement

Introduction

T
ube Rotary Kilns (TRK) are used extensively in

metallurgy and other industries [1].

The furnace is a solid steel rotating cylinder in-

clined at a slight angle to the horizon. The upper part is

continuously fed with material, which due to the inclina-

tion and rotation moves to the lower part of the kiln, where

a burner is located, the hot gas from which moves counter-

currently to the material.

Despite the differences in the processes occurring

in the TRK, there are a number of features of the unit,

which significantly complicate the control of this object:

multi-connectedness of input and output parameters of 

the object; high correlation of input parameters among

themselves; high temperatures required for the process; a 

large number of perturbing influences [2–4]; high inertia

and lag in most control channels. At present used automa-

tion systems are characterised by separate loops of input

parameters stabilisation, the purpose of the whole system

is to stabilise the temperature profile in the range speci-

fied by the regulations, in idealised conditions of process

control – to maintain a narrow temperature range in the

sintering zone.

A promising direction of development of process au-

tomation is advanced control or APC-technology [ 5–7].

This type of control assumes the presence of an adequate

robust model of the control object implemented as an

add-on under the SCADA-system. Control by the model

can be carried out in the “advisor” mode or in the online

control mode [8, 9]. However, at the moment in the world 

scientific literature there are no models that would allow

to get such a high-precision representation of the proc-

esses in the given aggregate.

Speaking about material motion in the TRK, it is

necessary to refer to the topic of bulk material motion in

tubular rotating cylinders. Rotating cylinders include not

only TRKs but also other industrial units: ball mills, re-

frigerators, dryers, mixers, etc. According to the literature,

the motion in a rotating cylinder (including TRKs) can be 

roughly divided into two components: axial motion and

transverse motion.

Axial motion is the movement of material along the

axis of the kiln, i.e. from the loading point to the discharge 

point. This component usually takes into account param-

eters such as the residence time of the material in the fur-

nace, the mass flow rate of the material in the axial direc-

tion, the profile of the height of the material layer, and the

profile of the degree of filling.

Transverse motion is the description of the material

motion in the transverse plane of the kiln. The most 
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fundamental works on this subject are the work of Henein

[10] and the continuing work of Mellman [11], which de-

scribe 7 basic modes of material motion formed as a func-

tion of Froude number, filling factor and friction coeffi-

cient. The rolling mode is the most characteristic mode

of motion for the TRK. The material motion in this mode

is characterised by the following properties: the material

is divided into two regions: a passive region and an active

layer, with intensive mixing in the active layer and a rela-

tively flat material surface.

This work aims to investigate the effect of varying

the internal diameter of a rotating cylinder simulating

the formation of coating layers on the parameters of the

transverse motion of bulk material. The aim of this work 

is to analyse the effect of the coating layers on the ave-

rage transverse velocity of particles in the active layer and

the proportion of material in the active layer at different

rotational speeds and the degree of loading of the drum

in the rolling mode. The stated problem was labelled as 

essential in the works of many authors [12–14], but was

not supported by experiments and calculations in software

products. This study is qualitative in nature.

Methods

The DEM numerical modelling method based on the

commercial software Rocky DEM was used to simulate

the movement of bulk materials.

More details on this modelling method can be found

in [15, 16], as well as examples of the use of numerical 

modelling methods in metallurgy, electrolysis processes

[17, 18], energy [19, 20] and oil industry [21].

The most important role in the process of numerical

DEM modelling is the calibration of material properties

[22, 23]. For the topic of this study, the most significant

parameter is the dynamic slope angle of the material, and

the particles were calibrated according to it. Glass spheres

were chosen as the material due to the availability of a

large amount of experimental data in the literature, as well 

as the relatively small time required for modelling due to

the sphericity of the particles. The calibration parameters

were adopted according to the publication [24], where the

authors presented a table of real experiments, the results

of the DEM modelling process, as well as graphical ma-

terial on the results of experiments and DEM modelling.

The material calibration in [24] was carried out in a drum 

with the parameters: drum diameter 100 mm, drum length

100 mm, filling degree 20%, rotation speed 14.32 rpm,

particle diameter 3.68 mm.

Based on the results presented in [24],

DEM modelling with similar parameters was 

carried out. The dynamic slope angle of the

material was 31.2 degrees, which is in agree-

ment with the experimental and modelled val-

ues in [24] and [25].

The values of drum rotation speed and fill-

ing degree were chosen as basic values, and they 

were varied in the ranges investigated in [24]. 

Table 1 presents the parameters at which the subse-

quent modelling was carried out.

Based on the work of [26], four types of geometry 

simulating a coating layers were prepared by analogy.

The geometry was constructed according to the following 

principle: a truncated cone with a length of 660 mm was

inserted into a cylinder with a diameter of 200 mm and

a length of 1000 mm; the diameter of the cone and, ac-

cordingly, the angle of inclination of its walls were varied.

This design allows us to show the non-uniformity of the

formation of coating layers in the kiln. For example, in the 

last cooling zone at a given furnace operation mode, the 

coating layer is not formed, while the most probable place 

of its appea rance is the sintering zone. The geometry was 

constructed in Ansys SpaceClaim software. Table 2 shows

the characteristics of all geometry types and Fig. 1 shows 

the geometry itself.

In order to analyze the particle motion inside the

kiln, taking into account the geo metry of the kiln, it was 

divided into sections (Fig. 2). The division was made

according to the following principle: at the beginning 

and the end of the kiln, two small zones of 100 mm each

Modeling parameter

Parameters Values
Measurement 

units

Particle density 2460 kg/m3

Static particle-particle friction 0.1 –

Dynamic particle-particle friction 0.1 –

Particle-particle recovery coeffi-
cient

0.81 –

Static friction particle-drum 0.23 –

Dynamic particle-drum friction 0.23 –

Particle-drum recovery coefficient 0.3 –

Particle diameter 3.68 mm

Drum diameter 200 mm

Drum length 1000 mm

Calculation algorithms

Normal force Hysteretic Linear Spring

Tangential force Linear Spring Coulomb Limit

Adhesion strength Absent

Gravity 9.81 m/s2

Impact energy By default

Rolling resistance model Absent

Table 2
Geometry parameters

Type
Wall accretion 

thickness (mm)

Effective
diameter at 66% 

of length (%)

Closed diameter 
by 66%

of length (%)

Cone 
wall 

angle (0)

0 0 100 0 0

1 5 90 10 0.43

2 15 70 30 1.30

3 25 50 50 2.17
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(Zones 1, 5), where the particle motion will be most sig-

nificantly affected by the wall effect, were selected. Two 

zones (Zones 2, 3) were also identified where coating lay-

ers were present. It is assumed that in Zone 2 the influence

of coating layer will be much lower than in zone No. 3 due

to the difference in effective dia meter in these zones. The 

length of Zone 2 is 230 mm and Zone 3 is 330 mm. The

last section is Zone 4 with a length of 240 mm — a sec-

tion free of coating layer.

Thus, for each of the four types of geometry (Table 2),

modelling was carried out by varying two different param-

eters: drum speed and filling degree. When the drum speed

was varied (14.32; 16.32; 18.32 (rpm)), the drum fill de-

gree was kept constant for all iterations (20.01%). When

the drum filling degree was varied (20.01%, 17.98%, 

16.08%), the drum rotation speed was kept constant for 

all iterations (14.32 rpm). The selected values of rotation

speed and degree of drum filling are not equal to the values 

of real TRK, but the main task in selecting the ranges of 

these parameters is to obtain the mode of movement of 

bulk material characteristic of TRK — rolling mode.

Two parameters were determined: the average trans-

verse velocity of particles in the active layer and the pro-

portion of material in the active layer. To distinguish be-

tween two areas (passive region and active layer) it was 

decided to introduce some boundary velocity, selected 

separately for each set of values of input parameters, when 

reaching which it is considered that the particle is in the

region of the active layer.

The boundary velocity was determined using the

Rocky DEM visualisation tools. The boundaries of the

color scale representing the particle velocity were em-

pirically selected to allow binarisation of particles inside

the drum, the boundary of binarisation being the desired

boundary velocity (Fig. 3).

Results

In this paper, the effect of drum geometry features 

on the average transverse velocity of particles in the ac-

tive layer and the fraction of material in the active layer 

at different drum speeds and degrees of drum filling was 

investigated.

Further, all graphs (Fig. 4) use the same lines to indi-

cate certain types of geometry.

The analysis of the graphs (Fig. 4) is presented in the 

form of a table. The table is divided into 4 parts, in each of 

which one specific graph is analyzed. The rows of the table 

show the types of geometry corresponding to Table 2. The 

columns of the table show the variation of the operating 

parameter (rotational speed or filling degree, according to

the research methodology). The cells of the table show 3 

types of information. Under numeral one is given a quali-

tative description of the postonal comparison of the value 

of the investigated parameter in the geometry with con-

striction and given operating parameters with the value of 

the investigated parameter in the absence of constriction

in the geometry, but with similar operating conditions.

Under numerical two, a qualitative description of the 

effect of the geometry is given in comparison to iterations

with other operating parameters. At the end of each cell,

the change of the investigated parameter with respect to

the values inherent to the zero type of geometry with the 

same operating parameters is presented by zone.

Discussion

DEM modelling has produced qualitative results rep-

resenting the distribution profile of the number of parti-

cles in the active layer and the average velocity in the ac-

tive layer along the length of a rotating cylinder with local

variation of the inner diameter, simulating coating layer 

formation. The data obtained provide an initial insight

into the nature of material movement in the presence of 

coating layers.

Glass spheres with a diameter of 3.68 mm were cho-

sen as this material was used not only in [24], which was

used for calibration in this study, but also appeared in at 
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Fig. 1. Types of geometry (a – Type 0,a b – Type 1,b c – Type 2, d – Type 3)d

Fig. 2. Division of the drum into regions for the analysis of geometry 

features: Zone 1 – red; Zone 2 – green; Zone 3 – purple; Zone

4 – blue; Zone 5 – orange
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Table 3
Description of results

Influence of coating layer thickness on the average transverse velocity of particles in the active layer at different drum

rotation speeds (Fig. 4, a.).

GT /PV* 14.32 rpm 16.32 rpm 18.32 rpm

0 Zones 1 and 5 — elevation due to wall effect, straight profile; lack of coating layers

1

1. Minor changes compared to 
geometry type 0

1. Equal increase in all zones.
19.2%, 17.1%, 22.9%, 21.3%, 20.3%

1. Equal increase in all zones.
2. Effect of geometry below the 16.32

rpm variant.
10.6%, 10.0%, 14.5%, 7.9%, 9.1%

2

1. Increase in all zones.
Peak in zone 3.
32.8%, 35.2%, 49.2%, 34.1%,
24.6%

1. Increase in all zones. Peak in zone 3.
2. Influence of geometry above the variant

with 14.32 rpm.
50.7%, 50.4%, 69.1%, 55.4%, 47.9%

1. Increase in all zones. Peak in zone 3.
2. The effect of geometry is similar to the

16.32 rpm variant.
42.8%, 48.6%, 68.0%, 50.1%, 45.7%

3

1. Increase in all zones.
Peak in zone 3.

2. Effect of constriction higher
than in Type 2 geometry.
62.6%, 71.2%, 103.3%,
75.8%, 50.7%

1. Increase in all zones. Peak in zone 3.
2. Influence of geometry above the

variant with 14.32 rpm.
80.8%, 87.7%, 125.7%, 94.1%, 68.8%

1. Increase in all zones. Peak in zone 3.
2. Effect of geometry below the 16.32

rpm variant.
64.9%, 72.4%, 114.1%, 74.6%, 56.5%

Average particle velocity in the active layer (m/s)
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Type 2, 17.98

Type 2, 16.083

Type 1,  20.01

Type 1, 17.983

Type 1, 16.083

Type 0,  20.01
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Fig. 4. Profile of average transverse velocity of particles in the active layer (a, b) and number of particles in the active layer (c, d) under conditionsdd
of different types of geometry when changing the drum rotation speed (a, c) and the degree of drum filling (b, d)dd
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Influence of coating layer thickness on the fraction of particles in the active layer at different drum rotation speeds (Fig. 4, b).

GT/PV 14.32 rpm 16.32 rpm 18.32 rpm
0 Zones 1 and 5 — elevation due to wall effect, straight profile; lack of coating layers

1

1. Increase in all zones.
Peak in zone 3.
51.9%, 229.8%, 925.3%, 86.5%,
9.3%

1. Increase in zones 2–4.
Decrease in zones 1 and 5.
Peak in zone 3.

2. Effect of geometry below the 14.32 rpm
variant.
–1.6%, 164.1%, 559.6%, 22.9%, –16.1%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of geometry above the
16.32 rpm variant.
62.3%, 171.4%, 663.8%, 4.8%, –21.8%

2

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of narrowing higher
than in Type 1 geometry.
44.4%, 339.7%, 1485.9%,
161.2%, –37.4%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of geometry below the 14.32 rpm
variant.
10.4%, 319.6%, 1015.3%, 133.3%,
 –53.3%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of geometry below the
16.32 rpm variant.
3.5%, 145.7%, 756.4%, 10.7%,
–78.7%

3

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of narrowing higher
than in Type 2 geometry
39.8%, 422.4%, 1620.4%,
214.8%, –57.9%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of geometry below the
14.32 rpm variant.
11.8%, 406%, 1098%, 216.8%, –71%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of geometry above the
16.32 rpm variant.
90.9%, 558.2%, 1787.3%, 211.6%,
–65%.

Influence of coating layers thickness on the average transverse velocity of particles in the active layer at different degrees

of drum filling (Fig. 4, с)

GT/PV 20.01% 17.98% 16.08%
0 Zones 1 and 5 — elevation due to wall effect, straight profile; lack of coating layers
1 1. Minor changes compared to type 0 1. Equal increase in all zones

22.8%, 23.5%, 17.6%, 14.9%, 15.2%
1. Equal increase in all zones.
2. Influence of geometry below

the  variant with 17.98%
9.7%, 9.24%, 11.2%, 0.5%, 12.5%

2 1. Equal increase in all zones.
32.9%, 35.2%, 49.2%, 34.1%,
24.6%

1. Increase in all zones.
2. The influence of geometry decreases in 

zone 3 and increases in the other zones
compared to the variant 20.01%.
51.3%, 40.7%, 38.4%, 37.5%, 25.8%

1. Increase in all zones.
2. Impact of geometry below the vari-

ant with 17.98%
41.4%, 14%, 25.6%, 24.5%, 7.7%

3 1. Increase in all zones. Peak in zone 3.
2. Effect of constriction higher than

in Type 2 geometry.
62.6%, 71.2%, 103.3%, 75.8%,
50.5%

1. Increase in all zones.
2. Influence of geometry above the variant 

with 20.01%
95.7%, 85.8%, 96.5%, 105.2%, 84.4%

1. Increase in all zones.
Peak in zone 4.

2. Effect of geometry below the variant
with 17.98%
60.8%, 51.8%, 62.4%, 84.8%, 58.5%

Influence of coating layers thickness on the fraction of particles in the active layer at different degrees of drum filling

(Fig. 4, d)

GT/PV 20.01% 17.98% 16.08%
0 Zones 1 and 5 — elevation due to wall effect, straight profile; lack of coating layers

1

1. Increase in all zones.
Peak in zone 3.
51.9%, 229.8%, 925.3%,
86.5%, 9.3%

1. Increase in zones 2–4.
Decrease in zone 1.5.
Peak in zone 3.

2. The influence of geometry is lower com-
pared to the variant 20.01%.
–18.9%, 29.4%, 262.3%, 1.9%, –44.9%

1. Increase in zones 2-4.
Decrease in zone 1.5.
Peak in zone 3.

2. Effect of geometry is higher in zones
2–4, lower in zones 1 and 5 com-
pared to the variant 17.98%.
–5.8%, 100%, 390.6%, 54.3%, –5.1%+

2

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of narrowing higher than
 in Type 1 geometry.
44.4%, 339.7%, 1485.9%,
161.2%, –37.4%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. The influence of geometry is lower
compared to the variant 20.01%.
4%, 83.1%, 989.7%, 199.2%, –50.4%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. The influence of geometry is lower
compared to the variant 17.98%.
4%, 83.1%, 989.7%, 199.2%, –50.4%

3

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of narrowing higher than in 
Type 2 geometry.

     39.8%, 422.4%, 1620.4%,
214.8%, –57.9%

1. Increase in zones 2–4.
Decrease in zone 5.
No change in zone 1.
Peak in zone 3.

2. Effect of geometry zones 1,2,4 lower
compared to the variant 20.01%.
–0.6%, 142.6%, 1872.5%, 156.1%,
–79.1%

1. Increase in zones 1–4.
Decrease in zone 5.
Peak in zone 3.

2. Effect of geometry is higher in zones
1,3,4 compared to the variant
17.98%.
11.5%, 84.1%, 2228.5%, 462.3%,
–58.2%

*GT – geometry type, PV – parameter value

Table 3 continued
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least three other papers that performed its CFD model-

ling and PEPT experiments [27–29]. Also, [27] presented

a methodology for verifying the CFD model results using

experimental data from [29]. For this purpose, a transverse

slice was used in which the transverse velocity along the

height of the material layer was considered. Specifically 

for this comparison, a separate iteration of the simulation

was performed at the parameters: cylinder speed 13.85 rpm

and filling degree 18.81%. The results showed high con-

vergence with the data in [27–29].

The differences between the values obtained from the

modelling and the experimental data from are within the

error range specified in [29]. Thus, it can be said that the

DEM model was verified on the results of a real experi-

ment presented in the scientific literature.

The presented study is part of a larger project to develop 

a predictive control system for TRK for sintering nephe-

line concentrate with limestone. This system is expected to 

result in an increase in alumina recovery from 88% to 91%

by maintaining a more efficient sintering site temperature 

range of 1275–1300 °C. The methodology from [30] was

used to calculate the economic efficiency of the project. 

The results obtained can be used at the Pikalevsky and 

Achinsk alumina refineries. Within the framework of the 

project the following economic indicators were calculated:

NPV = 118 million rubles, PI = 1.2 rubles, and the dis-

counted payback period was 2 years and 5 months. Based

on the calculated indicators, investments in the proposed 

project can be considered economically feasible.

Conclusion 

In this study, a geometry was constructed to simulate

the formation of a coating layer inside a tubular kiln based

on the methodology presented in [26]. This geometry was 

used for numerical DEM modelling of the motion of glass

spheres in a rotating drum. As a result, profiles along the

length of the drum of the average transverse velocity of 

particles in the active layer and the fraction of particles

in the active layer at different values of the drum rotation

speed and the degree of filling of the drum were obtained.

It was possible to verify the modelling results by compa-

ring the transverse profile of the particle velocity with the 

real experiment data presented in [25]. On the basis of the

obtained data it was possible to draw the following qualita-

tive conclusions:

1. The influence of the drum geometry on the trans-

verse velocity of particles in the active layer at different

cylinder rotation speed. As the rotational speed increases,

an increase in the relative velocity is first observed, fol-

lowed by a decrease at a value of 18.32 rpm, which is true

for all types of geometry investigated.

2. Effect of drum geometry on the transverse velocity 

of particles in the active layer at different filling degree of 

the cylinder. As the filling degree decreases, firstly an in-

crease in the relative velocity is observed and then a de-

crease occurs at a value of 16.08 %, which is true for all

types of geometry investigated.

3. The influence of geometry has a non-linear charac-

ter on the number of particles in the active layer at different

values of rotational speed and cylinder filling degree. In 

some zones there is a decrease in the fraction of particles 

relative to zero geometry. 

4. With the appearance of coating layers and increase

in their thickness, the character of the profile of the mean 

transverse velocity profile of particles in the active layer 

changes. In particular, in the sections of the drum pro-

file where coating layers are present, the increase in the 

average transverse velocity of particles in the active layer 

is much more pronounced as the thickness of the coa-

ting layer increases. However, when the drum filling de-

gree decreases, a change in the profile with an increase 

in the average transverse velocity of particles in the active 

layer was observed in the section free of coating layer, but 

adjacent to it. It is assumed that at decreasing the degree 

of drum filling the most significant contribution to the 

velocity distribution was made by the wall effect in this 

section.

5. With the appearance of coating layer and increase

of its thickness, the character of the profile of the parti-

cle fraction in the active layer changes. In particular, in

the sections of the drum profile where coating layers are

present, the increase in the fraction of particles in the ac-

tive layer with increasing thickness of the coating layer is

much more pronounced.

6. The presence of walls at the inlet and outlet of the

drum has the most active effect on the average transverse 

velocity of particles in the active bed and the fraction of 

particles in the active bed in the immediate vicinity of 

them.

The qualitative conclusions presented in the paper 

show that the change in the internal diameter of a rotating 

cylinder can have a significant effect on the movement of 

bulk material, both in the zones of diameter contraction

and along the entire length of the cylinder and requires

further comprehensive study.
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