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Abstract 

The rotary kiln is the main raw material processing equipment in the cement 

and building materials industry. The long-term operation of the rotary kiln under 

high temperature and heavy load conditions has led to serious wear of the lining 

(from 230mm to 80mm), outstanding thermal deformation and thermal stress of the 

shell, resulting in poor reliability, safety, and durability of the rotary kiln, reducing 

the thermal efficiency of the rotary kiln, and increasing the energy consumption rate 

of the rotary kiln, increasing the possibility of fracture of the rotary kiln near the 

riding ring. To solve the problem of low thermal efficiency and high energy 

consumption in rotary kiln due to wear of the lining, thermal deformation and 

thermal stress of the shell, a new and feasible technical solution is proposed in this 

paper: the introduction of a thermal insulation material block in the lining and 

insulation layer on both sides of the riding ring without significant modifications to 

the rotary kiln. The temperature field, thermal stress, and thermal deformation of the 

rotary kiln, the heat flux of the lining, and the temperature field of the riding ring 

employing separately thickness of the lining is 230mm, 180mm, 130mm and 80mm 

are analysed based on the following four scenarios: the lining with the insulation 

material block and riding ring with insulation layer, the lining with the insulation 

material block and riding ring without insulation layer, the lining without the 

insulation material block and riding ring with insulation layer, and the lining without 

the insulation material block and riding ring without insulation layer. 

To solve the problem of calculating the temperature field and thermal 

thermodynamics of rotary kilns, the integrated system VESNA, developed by the 

HPSM department of at the National Technical University of Ukraine, is used, 

which is designed to model the hydrodynamic and thermal processes and perform 

strength calculations using the finite element method (FEM). The system considers 

linear and non-linear deformation processes in spatially combined systems 

consisting of isotropic and anisotropic materials. At the same time, the general 

relations of deformed solid mechanics are used to model the state of force 

deformation of the structure under the influence of external forces and non-uniform 

temperature fields. The temperature and all parameters of the stress-strain state are 

independent of time when solving thermodynamic equilibrium problems in solids. 



 
 

In this paper, after the insulation material block is introduced into the lining 

(the height of the lining is 230mm) and the insulation layer is applied to both sides 

of the riding ring, the thermal efficiency of the rotary kiln unit is increased by 

26.61%, the average thermal stress of the lining is reduced by 36.47%, and the 

average thermal stress of the shell is reduced. 48.32%. The modernization of the 

rotary kiln unit was only the introduction of insulation blocks in the lining and the 

application of removable insulation on both sides of the riding ring, without major 

design changes to the rotary kiln unit, which not only saved manufacturing costs but 

also provided the possibility of secondary modernization. 

Keywords: rotary kiln, thermal efficiency, temperature filed, thermal 

expansion, thermal stress, VESNA system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Nomenclature 

TL – the temperature of the inner surface of the refractory,                                  °C. 

TS – the temperature of the corresponding shell,                                                  °C. 

TG – the temperature of the high-temperature hot gas flow,                                 °C. 

L

avT  – the average temperature of the inner surface of the lining before modernization 

of rotary kiln unit,                                                                                                         °C. 

L In

avT +  – the average temperature of the inner surface of the lining after modernization 

of rotary kiln unit,                                                                                                         °C. 

S

avT  – average temperature of the outer surface of the shell before modernization of 

rotary kiln unit,                                                                                                             °C. 

S In

avT +  – average temperature of the outer surface of the shell after modernization of 

rotary kiln unit,                                                                                                             °C. 

L

avq  – the average heat flux of the inner surface of the lining before modernization 

of rotary kiln unit,                                                                                                    W/m2. 

L In

avq +  – the average heat flux of the inner surface of the lining after modernization 

of rotary kiln unit,                                                                                                    W/m2. 

G  – the velocity of the high-temperature hot gas flow.  

G  –  the viscosity of the high-temperature hot gas flow,                                m2/s.  

DP – the inner diameter of the rotary kiln,                                                             m. 

H1(i) – the lining thickness, where i is 1, 2, 3 and 4, initial thickness H1(1) is 

230mm. 

H2 – the shell thickness,                                                                                     mm. 

H3 – the height of the insulation material block,                                                mm. 

L1 – the length of the circular refractory brick,                                                  mm. 

L2 – the length of the bottom edge of the insulation material block,                 mm. 

L3 – the length of the top edge of the insulation material block,                       mm. 

L  – the thermal conductivity of the lining,                                                 W/m·K. 

S  – the thermal conductivity of the shell,                                                   W/m·K. 

In  – the thermal conductivity of the insulation material block,                  W/m·K. 

G  – the thermal conductivity of the high-temperature hot gas flow,          W/m·K. 



 
 

L  –the emissivity of the lining when T = TL. 

G  – the emissivity of the high-temperature hot gas flow when T = TG. 

[ ]S  – the permissible stress for the shell and its riding ring,                          MPa. 

[ ]L  – the permissible stress for the lining,                                                      MPa. 

[ ]Gpr  – the thermal stress for the shell and its riding ring,                              MPa. 

11 22 33, ,    – the principal stress for the shell and its riding ring,                   MPa. 

12 23 31, ,    – the shear stress for the shell and its riding ring,                         MPa. 

ΝT – Thermal power of the rotary kiln,                                                                w. 

δ – Lining thickness in the sintering zone,                                                        mm. 

kп – Correction factor. 

qп – specific heat consumption for firing perlite,                                            KJ/kg. 

Gm – The weight of the material in the furnace,                                                    N. 

β –  angle of installation of rollers relative to the vertical axis.° 

  – coefficient of friction of roller-skating bandages,                                          m. 

zр – The number of support rollers,                                                                    pcs. 

f – friction coefficient in bevel roller bearings of supports. 

dш – Gear diameter,                                                                                            mm. 

kv – Dynamic load factor. 

Qр
низ – The heat of combustion of the gas,                                                    KJ/нм3. 

Wм – Sludge moisture,                                                                                         %. 

qр – Thermal effect of clinker formation,                                           KJ/kg clinker. 

ηєлф – The efficiency of the electrostatic precipitator. 

P  – maximum load on the support roller,                                                          kN. 

Qmax – maximum load on the resistance,                                                            kN. 

Ε – modulus of elasticity of the material of the bandage and roller,                   Pa. 

b – bandage width,                                                                                                m. 

R – inner radius of the bandage,                                                                           m. 

h – Bandage thickness,                                                                                          m. 

bб – bandage width,                                                                                               m. 

b – thrust roller width,                                                                                           m. 



 
 

kd – coefficient of influence of absolute cross-sectional dimensions. 

kv – surface hardening impact factor. 
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INTRODUCTION 

The necessities for human survival include clothing, food, housing, and 

transportation, among which housing and transportation greatly rely upon infrastructure 

and building materials [1-2]. Among the great number of building materials, cement is 

treated as the cornerstone of modern infrastructure and plays an irreplaceable role in the 

process of human civilization [3]. It is well known that Portland cement is one of the most 

famous modern cements in the world [4] and is one of many materials that can be made 

by making a finely-ground mixture of limestone and clay, and burning the mixture at over 

1000 °C. More precisely, Portland cement is made of clinker and ground gypsum and 

produced from a burned mixture of limestone and clay in certain percentages [1]. Modern 

cement is a kind of traditional and yet modern building material based on ancient 

cementitious materials [3]. The cement industry's output is intimately tied to the nation 

and the building sector in general, and so closely reflects the overall economic situation 

in an area or nation [5]. Therefore, cement has a far-reaching and significant impact on 

the real economy of nations all over the world. The main types of cements currently 

produced are ordinary Portland cement, Portland pozzolana cement, rapid hardening 

cement, quick setting cement, low heat cement, sulphates resisting cement, blast furnace 

slag cement, high alumina cement, white cement, coloured cement, air entraining cement, 

expansive cement, hydrographic cement. 

Portland Cement has an extensive history that dates to ancient Greece and Rome. It 

has undergone major developments over several historical periods. Portland cement is a 

successor to a hydraulic lime that was first developed by John Smeaton in 1756. The next 

development, taking place about 1800 in England and France, was a material obtained by 

burning nodules of clayey limestone. Soon afterward in the United States, a similar 

material was obtained by burning a naturally occurring substance called “cement rock.” 

Modern cement was born [6-7] in 1824 with the patent awarded to the British engineer J. 

Aspdin for “Portland Cement” [3], however, this product may well have been too lightly 

burned to be a true Portland Cement. And then, the real prototype of Portland cement was 

produced by Isaac Charles Johnson in southeastern England about 1850. During the 20th 

century, cement manufacture spread worldwide. In recent decades, China is the major 

cement producer around the world, and it produced 1388 million metric tons (MMT) of 
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cement in 2008 [8]. This accounts for nearly half of the world’s total cement production 

[9]. Indian cement industry is the second largest in the world with an installed capacity 

of 135 MMT per annum. It accounts for nearly 6% of world production [10]. At present, 

the United States is the third major cement producer in the world next to China and India 

[11]. 

The method used in the mixing of raw materials determines the process used to make 

cement. N.A. Madlool made a critical review of energy use and savings in the cement 

industries. They are categorized as four key processes which are dry, semi-dry, semi-wet 

and wet processes [12] for cement manufacturing. In the dry process, the kiln system is 

fed with dry raw meal powder. In the semi-dry process, a limited amount of water (10-

15%) is added to dry raw meals so that they can be modulated, and the damp nodules are 

fed to the kiln system. In the Semi-Wet Process, raw material is prepared as a slurry, but 

a substantial proportion (50-80%) of the water is mechanically removed, usually by 

filtration, and the resulting "filter cake" is fed to the kiln system. In the Wet Process, the 

kiln system is fed with liquid slurry, the water then being evaporated in the kiln. Due to 

the excellent mixing performance, efficient heat transfer capability and the great installed 

capacity of the rotary kiln, it is employed in many engineering applications such as 

drying, cement production, melting, cooling, recycling of waste and destroying of 

hazardous substances [13–15]. Cement production is a long process which consumes 

large amounts of fossil fuels and electricity [16]. There are four key steps in the cement-

making process: (a) mining of raw materials, (b) preparation of raw materials: 

homogenizing and grinding of raw material, (c) burning of raw material to cement clinker, 

and (d) finish grinding of clinker and mixing with additives [5]. Thus, it was glaringly 

obvious that the rotary kiln is the heart of a conventional cement-making process, 

providing space to transport raw materials as well as locations for physical and chemical 

interactions [17]. 

During the long-term operation of the rotary kiln, the thickness of the lining 

gradually becomes thinner from 230mm to 80mm due to the wear [18] between the raw 

material and the lining, resulting in the breakdown of the working layer of the lining and 

fall of the refractory brick from the lining after wear of about 30 – 40% [19]. This is why 

the thermal efficiency of the rotary kiln is low which means a corresponding increase in 
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energy consumption, electricity usage and greenhouse gas emissions [16]. Approximately 

20 to 35% of the total heat of fuel combustion is released into the environment through 

the shell of the rotary kiln [20-21]. In Ukraine, most cement clinkers are processed in 

rotary kilns, which have a low fuel utilization rate of 55 to 60%. The thermal deformation 

of the main body of the rotary kiln and the bandage which is installed on the main body 

of the rotary kiln in a ring shape is caused by the huge temperature difference, and the 

thermal deformation of the main body of the rotary kiln is larger than the thermal 

deformation of the bandage, so that the main body of the rotary kiln is squeezed by the 

bandage and a huge thermal stress is generated here, which is prone to fracture in the 

long-term operation of the rotary kiln. Therefore, improvement of the thermal efficiency 

of the rotary kiln and reduction of the thermal stress at the contact of the bandage with 

the shell is extremely crucial for cement plant meanwhile finished product quality, cost 

of rotary kiln making, service life and environmental protection all must be taken into 

consideration. 

The purpose of this paper is to investigate the influence of the wear of the lining 

under high temperature conditions at near-atmospheric pressure on the thermal efficiency, 

thermal stress, and thermal expansion of the rotary kiln based on without filling raw 

materials and to propose reasonable solutions for increasing the thermal efficiency, 

reducing thermal stress and thermal expansion of the rotary kiln. To properly analyze the 

thermal efficiency, thermal stress, and thermal expansion of the rotary kiln during wear 

of the lining, the thermal resistance, temperature, heat flux, deformation and 

displacement, thermal stress of the rotary kiln is examined using the first and second laws 

of thermodynamics. Thermal resistance [22] is well known to be one of the most 

prominent factors determining thermal efficiency or insulation performance in the rotary 

kiln [23-24] and the factors influencing thermal resistance are heat transfer distance and 

thermal conductivity. The thermal resistance of the rotary kiln steadily diminishes with 

wear of the lining, diminishing the thermal efficiency of the rotary kiln. Since the 

thickness of the lining is reduced from the original 230 mm to 80 mm because of wear, 

this work studied the thermal efficiency, thermal stress, and thermal expansion of the 

rotary kiln with the thickness of the lining of 230 mm, 180 mm, 130 mm, and 80 mm, 

respectively. The lining affects the thermal efficiency of the rotary kiln by insulating the 
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shell from the high temperatures of the feed and combustion gases, while the riding ring 

supports the weight of the rotary kiln unit. This paper employs the patent IPC F27B 7/00 

No. 57792 [25] for the lining structure and patent IPC F27B 7/22 No. 107294 [26] for the 

riding ring structure in the modernization of the rotary kiln, with patent IPC F27B 7/00 

No. 57792 introducing the insulation material block with a lower thermal conductivity in 

the lining of the rotary kiln and the patent IPC F27B 7/22 No. 107294 applying the 

insulation layer with a lower thermal conductivity on both sides of the riding ring. The 

insulation material block is built in the center area of the refractory brick of the lining for 

fabricating a more heat-resistant lining of the rotary kiln [27-28].Without making major 

changes to the design of the rotary kiln, this solution can reduce the heat loss of the rotary 

kiln to the environment through its shell and make better about its thermal efficiency, at 

the same time this method of modernizing rotary kilns reduces the thermal stress and 

thermal expansion of the rotary kiln. The necessary experimental data was gathered from 

a simulation with help of VESNA system developed by the Department of HPSM at 

National Technical University of Ukraine and part of the data came from the Kryvyirig 

Cement Plant in Ukraine. 
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1 DESCRIPTION AND APPLICATION OF ROTARY KILN  

Rotary kilns are widely used in the cement industry where they are well suited for 

the cement clinker burning processes that require high temperatures near-atmospheric 

pressure [29]. It is in these technological devices that the most important physical and 

chemical transformations take place, which give the semi-finished product the properties 

of the finished product. The following requirements must be satisfied by the basic goal of 

the rotary kiln: a) transferring heat from the high-temperature hot gas flow and walls at 

high temperatures to the raw materials covering the rotary kiln bed and b) mixing the raw 

materials to facilitate the cement clinker reactions. Because the raw materials on the 

outside of the bed insulate those on the inside, the rate of heat transfer is directly related 

to the rate of mixing of the raw materials within the bed [30]. 

The main function of the rotary kiln is to process raw materials in case of high 

temperatures for a predetermined retention period in a revolving kiln to bring about a 

physical transformation or chemical reaction in the material being processed. To help 

move material through the rotating kiln successfully, it needs to be installed at a certain 

inclination angle. The primary functions of a rotary kiln as a manufacturing unit are the 

transportation of raw materials, heat exchange and heat transfer, combustion of fossil 

fuels, and physicochemical reaction. It may be applicable to a variety of chemical 

industries because it can offer excellent mixing performance and an efficient capacity for 

heat transfer. Rotary kilns are often used in cement manufacturing, metallurgy, 

papermaking, nonferrous, building materials, ceramics, and other chemical industries for 

sintering, roasting, volatilization, calcination, and raw material segregation. For instance, 

the firing of Portland cement in the cement industry, the roasting of alumina in the 

metallurgical industry, the magnetization roasting of lean iron ore, the drying of wood in 

the paper industry, the roasting of chrome ore in the chemical industry, the firing of clay 

in the building materials industry, and the calcining and drying of limestone, among other 

processes. 

Clinker, which is obtained by burning raw materials in shaft or rotary kilns, is the 

foundation of all these types of cement. Dry process cement is typically produced using 

a rotary kiln, and the overall process route of this technology involves the following 

operations, as indicated in Fig.1.1: 1) extraction of raw materials and its delivery to the 
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raw materials workshop of the plant; 2) crushing and grinding of raw materials; 3) 

adjustment of the raw material mass - bringing the charge to the specified chemical 

composition; 4) preparation of fuel for firing the charge; 5) firing of the charge, 

production of cement clinker and its cooling 5 6) grinding of clinker and production of 

cement. 

 

Fig.1.1 Technical line of cement production. 

Rotary kilns were used by many inorganic chemical industries for a variety of solids 

processing tasks, including drying, reacting, mixing, granulating, coating, and heating 

[31]. They are frequently employed as a unit operation in the chemical engineering, 

metallurgical, and building materials industries [32]. 

There are many types of rotary kilns that have been developed from ancient times to 

the present. The method of material feeding, length to diameter ratio, shape of kilns, the 

method of material cooling, and heating methods of rotary kilns are the main categories 

used to classify them: 1) According to the method of material feeding, rotary kilns can be 

classified as dry kilns, semi-dry kilns, semi-wet kilns, or wet kilns depending on whether 

the raw material being fed into the kiln has water attached to it. 2) It can be divided into 

the long kiln and the short kiln depending on their length and diameter. The dry kiln 
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typically has a few working zones and are short, whereas the wet kiln typically has many 

working zones and is long. 3) Based on the geometry of the cylinder, kilns are divided 

into straight cylinder kilns, cold end expansion kilns, firing zone expansion kilns, and 

both ends expansion kilns. 4) In accordance with the method of material cooling. A kiln 

with a multi-cylinder cooler is one that has several cooling cylinders fixed at the hot end 

of the cylinder. 5) Depending on the heating technique. A direct-heat kiln, an indirect-

heat kiln, or a combined direct-indirect heat kiln can be used. 

The cement rotary kiln is mainly composed of the shell and lining, support device, 

drive assembly, thrust rollers, raw material feed, kiln inlet head and kiln discharge head, 

central burner, seal, riding rings, other devices, as shown in Fig.1.2.  

 

Fig.1.2 The rotary kiln. 

The shell is made of steel plates and forms the rotating body of the rotary kiln. The 

thickness of the shell is 18-25mm, while the thickness of the shell near the riding ring is 

bigger as it is needed to carry the rotary kiln unit, and the thicker shell helps to prevent 

deformation of the rotary kiln. The important duty of the lining is to protect the shell of 

the rotary kiln from high interior temperatures, as well as to maximize thermal 

performance and reduce energy consumption. The lining is mostly composed of a large 
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number of refractory bricks, and while selecting the refractory bricks, the following 

aspects must be considered: refractoriness, volume stability, chemical resistance, abrasion 

resistance, low heat conductivity, and coatability. The support device of the rotary kiln 

bears the full weight of the rotary kiln unit, and it consists of a base plate, roller bearing 

and roller. The drive assembly is the component which causes the kiln to rotate, a variety 

of drive assembly which includes chain and sprocket drive, gear drive, friction drive, and 

direct drive assembly arrangements can be used. Thrust rollers prevent the drum from 

drifting or moving horizontally by pushing against the riding rings. The trunnion wheels 

act as the cradle for the rotating drum shell. They ensure smooth and concentric rotation 

during operation. The kiln discharge head can provide a place for product to leave the 

kiln, so that it can move on to subsequent processing and mount the kiln burner in a 

counter-current system. The kiln inlet head has exhaust gas system to remove 

contaminants of exhaust gas before being discharged into the environment or sent to waste 

heat gas boiler for waste heat recovery. The central burner of the rotary kiln supplies the 

energy required by the process. Instead of utilizing a combustion chamber, typically the 

burner on a kiln is mounted on the kiln discharge head. Seal connects the stationary heads 

on the two ends to the rotating kiln, and helps to prevent the escape of process gas from 

the system, as well as prevents air from leaking in. The riding rings, which provide a 

surface for the rotary kiln load to be distributed, help in supporting the shell of the rotary 

kiln and are one-piece steel castings. 

 

Fig.1.3 The working zone of the rotary kiln. 
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The rotary kiln is an inclined, rotating cylindrical reactor through which a charge 

moves continuously. The rotary kiln is a thermal processing furnace used for processing 

solid materials at extremely high temperatures to cause a chemical reaction or physical 

change. They are normally used to carry out processes such as calculation, thermal 

desorption, organic combustion, sintering/induration, heat setting, and many more 

processes. In the operation of the rotary kiln depending on the temperature of the raw 

materials and the process, the rotary kiln system can be divided into evaporating zone, 

drying zone, pre-heating zone, decomposing zone, exothermic reaction zone, burning 

zone, and cooling zone as shown in Fig.1.3. 

In the evaporating zone of the rotary kiln, the water adhering to the raw materials 

and the inner wall of the rotary kiln will be evaporated. The operating temperature range 

for this zone is between 0～100 °C. 

The drying zone is a short part at the raw material entrance. For the new dry process 

cement rotary kiln, there is basically not a drying zone. For the traditional cement rotary 

kiln, the temperature of the material in the drying zone is about 100 °C～200 °C. The 

main function of this zone is to dry the moisture in the raw material, as shown in the 

following expressions. 

2 2491 /H O KJ kg −   (1.1) 

The organic component of the raw materials begins to degrade in the pre-heating 

zone, and the clay begins to dehydrate, preparing for the decomposition of calcium 

carbonate. The temperature of the materials in the pre-heating zone is 200°C to 500°C. 

The chemical changes that occur in this zone are shown in the expression. 

2 3 2 2 2 3 2 22 2 2 2 6867 /Al O SiO H O Al O SiO H O KJ kg→ + +  −   (1.2) 

In the decomposition zone, the main reaction that takes place is the decomposition 

of calcium carbonate. The temperature of the raw material is 500°C to 950°C, the 

chemical changes that occur in this zone are shown in the expression. 

2 3 2 2 3 22 2 302 /Al O SiO Al O SiO KJ kg+ → +   (1.3) 

3 2 1779 /CaCO CaO CO KJ kg→ + −   (1.4) 

3 2 1398 /MgCO MgO CO KJ kg→ + −   (1.5) 

The exothermic reaction zone is also called the upper transition zone, the 
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temperature of the materials in the exothermic reaction zone is 950 °C to 1300 °C, the 

chemical changes that occur in this zone are shown in the expression. 

2 22 2 714 /CaO SiO CaO SiO KJ kg+ → +   (1.6) 

2 3 2 3 2 3 2 34 4 109 /CaO Al O Fe O CaO Al O Fe O KJ kg+ + → +   (1.7) 

2 3 2 33 3 61 /CaO Al O CaO Al O KJ kg+ → +   (1.8) 

In the burning zone, the material temperature is between 1300 °C～1300 °C, and the 

flame temperature can reach 1700 °C. When the material temperature is close to 1300 °C, 

C3A and C4AF begin to melt and become liquid, CaO and Ca2SiO4 decompose, and C3S 

will be precipitated when the saturation concentration reaches a certain amount. 

Increasing the temperature of the burning zone properly will help the formation of C3S, 

which can improve the quality of the clinker. The chemical changes that occur in this 

zone are shown in the expression. 

2 23 3 528 /CaO SiO CaO SiO KJ kg→ + +   (1.9) 

In the cooling zone (also called the lower transition zone), the temperature of the 

material is about 1100℃～1300℃.After the clinker comes out of the burning zone, it is 

initially solidified in the cooling zone and enters the cooler for further cooling. If the 

clinker temperature is too high or too low when exiting the kiln, the clinker will corrode 

and wear the refractory materials at the kiln mouth. If the temperature of the kiln mouth 

changes too fast, the clinker will cause thermal shock damage to the kiln mouth 

refractories. 
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2 REVIEWS OF THE LITERATURE AND PATENTS ABOUT THE 

ROTARY KILN 

Cement production has undergone tremendous development from its beginnings 

some 2000 years ago. While the use of cement in concrete has a very long history, 

industrial production of cement started in the middle of the 19th century, first with shaft 

kilns, which were later on replaced by rotary kilns as standard equipment worldwide [2]. 

In the cement industry, plants with energy-intensive wet method technology are used, as 

well as with less energy-intensive dry method technology, which is a more acceptable 

option nowadays. The application and development of the rotary kiln are closely related 

to the development of the national economy. The development of the economy promotes 

the continuous innovation of the structure and technology of the rotary kiln, which makes 

the metallurgy, building materials, environmental protection and other industries continue 

to grow, thus driving the industry. The overall economic strength has improved. The 

rotary kiln is gradually worn out due to the long-term contact between the lining and the 

raw material, resulting in low thermal efficiency and high energy consumption. In 

addition, the thermal stress at the contact between the bandage and the shell is huge, which 

may easily cause the rotary kiln to break from this place. Therefore, improving the 

thermal efficiency of the rotary kiln and reducing the thermal stress at the contact between 

the bandage and the shell are extremely critical. Even if the thermal efficiency is increased 

by a few percent, significant economic benefits can be produced. 

2.1 Literatures review 

The cement rotary kiln is huge in diameter, long in span, and heavy in mass. It 

exhibits nonlinearity, real-time change, substantial lag, and strong coupling. Due to the 

long-term contact between the surface of the rotary kiln lining and the raw material during 

operation, the surface of the rotary kiln lining is severely worn, and the lining is an 

important medium for heat exchange and heat preservation, which largely determines the 

thermal efficiency of the rotary kiln and finished product quality. Many well-known 

scholars have done a lot of research on the improvement and optimization of the rotary 

kiln.The main cost of modern rotary kiln is the maintenance of the lining, due to the wear 

and tear of the lining due to the long-term contact of the lining with the principle, some 

or the whole lining must be replaced every 1-3 years.  
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Often, the blame is placed on thermochemical corrosion, wear and tear, thermal 

stress and strain [33]. From the operational viewpoint, the lining selection for rotary kilns 

presents significant challenges, due to the principal wear mechanisms acting upon the 

refractory: high mechanical abrasion, reducing atmosphere, chemical attacks, and thermal 

stresses. Additionally, the heat losses towards the steel shell should be minimized to avoid 

deformations of the kiln and more importantly to improve fuel efficiency [34]. 

The intensity of wear of chrome-magnesite and magnesite-chromite parts in the 

sintering zones of rotary kilns is determined by the formation on the kiln lining of a 

protective layer. In the normal method of firing of magnesite without additions a thin 

layer of periclase-forsterite and periclase-monticellite with high porosity and low strength 

is formed. Such a layer cannot reliably protect the kiln lining from wear. A more resistant 

protective coating is formed on the lining with the addition of siderites. Investigation of 

the grains of sintered siderite under the microscope showed that they consist of finely 

dispersed magnesioferrite and magnetite, possess magnetizability, and in polished 

specimens are transparent and strongly fissured. The formation of the protective layer on 

the sintering zone lining with the addition of siderite makes it possible to increase the kiln 

lining life by 20-30% and to increase the output of magnesite powders without loss of 

quality [35]. 

Various wastes are used in cement rotary kilns as raw materials or fuel, and their 

types and throughput have increased recently. More usage of waste causes rapid wear of 

basic bricks. According to postmortem analysis data of used basic bricks in the burning 

zone and the transition zone of cement rotary kilns, causes of the brick wear were studied. 

In the burning zone, thermal spalling would occur during heating-up and initial operation 

period and/or heavy erosion would take place in service. In the transition zone, bonding 

strength of the heated surface-layer of the basic bricks was lowered by repetitive 

temperature fluctuation and the reaction with sulfur oxide. Then the deteriorated bricks 

were exposed to external stress and spalling took place. Wear mechanisms of the bricks 

in the burning and the transition zones of cement rotary kilns were presented and the 

reaction of the bricks with sulfur oxide was especially noticed [36]. 

2.2 Patents review 

To modernize the lining and riding ring of the rotary kiln, many inventors have made 
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great efforts in this regard. The following patents all propose technical solutions for the 

modernization of the rotary kiln. 

The patent IPC F27B 7/28 (US 6802709 B1) [37] considers an insulating lining 

made of hollow bricks that is designed to limit heat passage between the work lining and 

the kiln shell, hence lowering kiln shell temperature. 

 

Fig.2.1 The insulating lining of rotary kiln. 

The current invention is a rotating kiln for pyro-processing a wide range of materials, 

which contains an extended, cylindrical steel shell through which the material is 

processed. The kiln shell is rotated by a conventional mechanical structure, as well as a 

feed end and an opposing discharge end, as detailed in several of the patents cited herein. 

Furthermore, the shell has an open processing zone that extends from the feed end to the 

discharge end and through which the material flows and the high temperature gases 
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circulate. The kiln shell has an inner cylindrical surface that surrounds the open 

processing zone. Contiguous to the inner cylindrical surface of the shell and annular to 

the longitudinal axis is an insulating refractory lining. The lining is made up of adjacently 

independent rings of hollow bricks that are tapered and held against the kiln shell. The 

hollow bricks in another variant have no taper and are held in place by the work lining. 

The following are some of the goals of the current invention: 1) To create an 

insulating refractory made of hollow bricks for a rotary kiln. 2) To provide an insulating 

lining for a rotating kiln with cells or cores running parallel to the brick exterior face, in 

the radial or axial direction, to benefit from the insulating characteristics of still air. 3) To 

provide a kiln lining that can hold a layer of dense refractory material on top without 

collapsing.4) To provide an insulating lining for a rotary kiln that can resist process 

temperatures for long enough to allow the kiln operator to shut down the kiln without 

causing irreparable damage to the steel shell if the work lining fails. 

The patent IPC F27B 7/28 (KR 100270295 B1) [38] considers the use of polygonal 

linings of brick, refractory, or ceramic materials with three to twelve sides to promote 

heat transmission or thermal efficiency between hot gases of the charge material to be 

handled by the kiln. 

 

Fig.2.2 The rotary kiln with a polygonal lining. 

The rotary kiln 100 contains linings 105 that provide an open processing zone with 

a typically polygonal cross section when viewed in the longitudinal axis, as shown in 
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Fig.2.2. Lining 105 has a processing surface 110 on which the to-be-processed charge 

115 falls and moves as the kiln spins. Linings 105 are produced inside the inner wall of 

the kiln body 120 to create this shape. The liner is built of a material that can resist the 

conditions to which it will be subjected. The lining material in cement kilns is heat and 

wear resistant castable ceramic or brick. The current invention seeks to produce a kiln 

that improves thermal efficiency while overcoming the drawbacks of the prior art. The 

current idea seeks to produce a kiln with great thermal efficiency and no reduction in 

production. The invention is for a kiln that consists of a shell having an inner wall and 

lining next to at least a portion of the inner wall. A kiln of this type is used to process 

different materials, such as wood pulp, cement, lime, and the like. Polygonal liners 

improve thermal efficiency and heat transfer between hot gases and the charge or material 

to be treated in the kiln. This efficient use of gas heat is related to several characteristics 

that allow for faster exposure of large charges to the hot gas and liner. Higher tumbling, 

greater residence time, reduced filling, and increased surface exposure are among the 

various reasons. The polygonal liner is made in a preferred embodiment by putting 

prefabricated bricks or pouring a suitable refractory wear resistant or ceramic material on 

the inner wall of the body, which has a polygonal cross section when viewed along the 

longitudinal axis. 

The patent IPC F27D 1/00 (JP 5553793 B2) [39] considers a double structure of the 

lining brick of the rotary kiln in which the refractory layer and the thermal insulation layer 

are made in one piece using prefabricated technology or bonded raw materials, where the 

refractory layer is made of alkaline refractory material and the thermal insulation is made 

of acidic or neutral raw materials. 

 

Fig.2.3 A lining brick of a rotary kiln. 
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As shown in Fig.2.3, 1 is the lining brick of the rotary kiln, 2 is the refractory layer, 

3 is the intermediate layer and 4 is the thermal insulation layer. The lining brick 1 of the 

rotary kiln of this embodiment has a basic rectangular block shape, a refractory layer 2 

on the inner side of the furnace body where the object to be fired moves, a thermal 

insulation layer 4 on the side of the furnace wall, and a three-layer structure with an 

intermediate coating 2. To prevent the refractory layer 2 and the thermal insulation layer 

4 from moving axially along the rotary kiln, the contact surfaces of the refractory layer 2 

and thermal insulation layer 4 are made into a wavy structure that just engages the 

masonry. 

The patent IPC F27B 7/28 (CN 210922160 U) [40] considers a lining structure of 

the rotary kiln, through a reasonable structural designing, can avoid the working layer 

cracks become wider and damage the lining, and thus affect the production, and at the 

same time can make temperature of the outer wall of the rotary kiln to meet the design 

requirements. 

 

Fig.2.4 Lining structure of rotary kiln. 

As shown in Fig.2.4, the lining structure of the rotary kiln of this patent includes a 

heat preservation layer 3, a working layer 2 and an anchoring piece 1, wherein the heat 

preservation layer 3 comprises an aluminum silicate fiber board and a plastic cloth, the 

aluminum silicate fiber board is provided with a plurality of pieces, the aluminum silicate 

fiber board is laid on the inner wall of a kiln shell of the rotary kiln, a # -shaped pouring 

seam is reserved between the aluminum silicate fiber boards, and the plastic cloth is laid 

on the surface of the aluminum silicate fiber board; the anchoring parts are U-shaped 

anchoring nails, the bottoms of the anchoring parts are fixed on the inner wall of the kiln 
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shell at the # -shaped pouring seam, and the planes of the adjacent U-shaped anchoring 

nails are vertical; the working layer 2 is a refractory material pouring layer, and the 

refractory material pouring layer is laid in the # -shaped pouring seam, on the outer side 

of the pouring seam and on the outer side of the plastic cloth. The lining body of the rotary 

kiln can avoid the phenomenon that the lining body is damaged due to the widening of 

cracks of a working layer 2 to influence the production, and simultaneously, the 

temperature of the outer wall of the rotary kiln can reach the design requirement. 

The patent IPC F27D 1/06 (CN 201555453 U) [41] considers an energy-saving brick 

and a lining structure of the rotary kiln, wherein the brick is formed by two portions of a 

fireproof wear-proof layer and a heat insulating layer through compound sintering, the 

brick is positioned above the fireproof wear-proof layer, a protruding platform is arranged 

on top of the main body portion of the heat insulating layer to form a structure like a 

Chinese character 'tu'. 

 

Fig.2.5 Energy-saving brick and rotary kiln inside lining structure comprising thereof. 

This energy-saving brick is a heat insulating layer 2 by wear-proof layer 1 and 

complicated sintering the creation of heat insulation layer 2 two parts above, is wear-

proof layer 1 below, as illustrated in Fig.2.5. The primary part of the convex font 

construction is situated above the stated heat insulating layer. Whereas the wear-proof 

layer material is high alumina, and the thickness is normally 130～160mm, the heat 

insulating layer 2 material is clay, and the major part thickness is generally 30～60mm. 

This lining of the rotary kiln structure is made of some energy-saving bricks and heat 

insulating layer 3, the outward flange of every energy-saving brick top convex part 

contact with shell 4, form the tubular kiln body, the groove part on energy-saving brick 
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top and shell form cavity, fill insulant material in this cavity forms heat insulating layer 

3. This lining of the rotary kiln structure is made of some energy-saving bricks and heat 

insulating layer 3, the outward flange of every energy-saving brick top convex part 

contact with shell 4, form the kiln body of tubular, the groove part on energy-saving brick 

top and shell form cavity, fill insulant material in this cavity forms heat insulating layer 

3. The heat insulating layer material is alumina silicate needle punched blanket, with a 

thickness of 30～60mm, which is the same as the convex thickness of energy-saving 

brick. When constructing a kiln, first fill the groove formed by each energy-saving brick's 

outer surface with heat insulating layer 3, then shell 4 at the outermost layer and obtain 

the final product, which is the rotary kiln agent structure piled into the liner main body 

with energy-saving brick. 

The patent IPC F27D 1/16 (CN 106595314 A) [42] considers a lining structure of 

the rotary kiln in which the inner wall of the rotary kiln body is built with prefabricated 

elements at intervals along the circumference, a casting material is poured at intervals 

between adjacent prefabricated elements along the circumference, said prefabricated 

elements are inlaid with insulation material and anchorages are provided within the 

prefabricated elements. 

 

Fig.2.6 Rotary kiln liner structure and laying method. 

It can be seen from Fig.2.6 that prefabricated refractory bricks 1 are built at intervals 

along the circumferential direction on the inner wall of the rotary kiln body 100. After all 

prefabricated refractory bricks 1 are built in the rotary kiln body 100, a plurality of 

intervals extending along the axial direction of the kiln body are formed on the inner wall 

of the rotary kiln body 100, and castable 2 are poured in the intervals between adjacent 
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prefabricated refractory bricks 1 along the circumferential direction. It is inlaid with heat-

insulating refractory material, and an anchor piece U is arranged in the prefabricated part 

1. The heat-insulating refractory material is embedded in the prefabricated refractory 

brick 1, the prefabricated refractory brick 1 with anchors is used as the skeleton, and the 

heat-insulating refractory material is laid between the two rows of prefabricated parts and 

poured with castable 2, which can reach the purpose of reducing the heat radiation loss 

of the rotary kiln, improving the thermal efficiency and the integrity of the lining of the 

rotary kiln, and prolonging the service life of the rotary kiln. When making the 

prefabricated refractory brick 1, heat insulating refractory materials and anchors 11 are 

embedded in the prefabricated refractory bricks 1. The heat insulating refractory materials 

can reduce the heat loss of the prefabricated refractory bricks 1, and the anchors 11 can 

facilitate the masonry of the prefabricated refractory bricks 1 and make the masonry 

structure of the prefabricated refractory brick 1 more stable. After the prefabricated 

refractory brick 1 is made, it is built on the inner wall of the rotary kiln body 100 by laying 

bricks at intervals in the circumferential direction of the inner wall of the rotary kiln body 

100 to form a in the axial interval of the inner wall, castable 2 is poured in the interval. 

Castable 2 can fill the gap between the prefabricated refractory brick 1 and the rotary kiln 

body 100, further increasing the stability of the prefabricated refractory brick 1. The 

pouring method can also be Increase the stability of the entire lining structure. 

The patent IPC F27B 7/28 (CN 103983101 A) [43] considers an energy-saving 

rotary kiln and furnace lining fireproof brick building slurry. The energy-saving rotary 

kiln consists of a cylindrical steel body kiln shell, a plurality of high-temperature fireproof 

brick steel plate dies, and steel plate die supporting columns, high-temperature fireproof 

bricks and fireproof brick building slurry which are welded together, wherein the 

fireproof brick building slurry is high in filling property, contractibility, and sintering 

performance. The intensity is high, and the furnace condition of a blast furnace can be 

kept stable (the depth of an iron notch, the fluctuation of the smelting time and the full-

blast plugging rate), so that the yield of the blast furnace is increased; the slag resistance 

performance is high, and the energy-saving rotary kiln can resist corrosion and scouring; 

no crack is generated during quick heating, so that the combination strength is high; the 

energy-saving rotary kiln has certain contractibility under high temperature and is high in 
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ventilation property and high in intensity, so that the phenomenon that the fireproof bricks 

are broken due to expansion in a high-temperature environment is avoided. 

 

Fig.2.7 Rotary kiln liner structure and laying method. 

An energy-saving rotary kiln, which consists of a cylindrical steel body kiln (1), 

several high-temperature refractory brick steel plate moulds (3) and steel plate mould 

pillars (2) during welding. High-temperature refractory bricks (4) and composed of 

refractory brick masonry mud (5). It is characterized in that: high-temperature refractory 

brick steel plate formwork (3) is welded in the arc shape of the bottom of the steel body 

kiln shell (1) through the overall structure, and the high-temperature refractory brick steel 

plate formwork (3). One end of the steel formwork pillar (2) is welded on one side, and 

the other end of the steel plate formwork pillar (2) is welded inside the steel body kiln 

(1); Refractory brick masonry mud (5) is injected between high-temperature refractory 

bricks (4). 

The height of the high-temperature refractory brick steel formwork (3) is two thirds 

of the height of the high-temperature refractory brick (4), the width of the high-

temperature refractory brick steel formwork (3) is consistent with the width of the high-

temperature refractory brick (4), and the high-temperature refractory brick steel 

formwork. The thickness of (3) is consistent with the thickness of the refractory brick 

masonry mud (5) between the high-temperature refractory bricks. 

The purpose of this work is to investigate the thermal efficiency, thermal 
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expansion, and thermal stress changes of the rotary kiln unit before and after 

modernization of the lining and riding ring during the lining wear process using the first 

and second laws of thermodynamics. 
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3 SELECTIONS OF TWO MODERNIZATIONS OF THE ROTARY KILN 

Now in industry, rotary kiln is used, which have a metal drum, lining, which contains 

a masonry consisting of refractory blocks, installed at a small angle to the horizon on 

support rollers. To improve the heat transfer conditions in the rotating furnace, various 

heat exchange devices are built in — raking blades, shelves, chain curtains, nozzles, etc. 

For the same purpose, in a few cases, furnaces are lined with a complex shape, for 

example, a cellular one. Conventional lining designs have the disadvantage that the 

thickness of the lining of the rotary kiln changes over time due to its wear under the 

influence of an aggressive environment. Moreover, this wear occurs unevenly. The lining 

made of refractory brick, when using this configuration, changes its mechanical 

properties under the influence of mechanical loads that arise because of the rotation of 

the furnace, compressive stresses, and thermal loads because of the temperature 

difference on the cold and hot side of the refractory brick. 

Therefore, after performing a patent search, the patent IPC F27B 7/00 No. 57792 

and F27B 7/22 No. 107294 were selected, which allows to increase the service life of the 

housing, the thermal stability of the lining made of refractory bricks, reduce the heat 

losses of the furnace to the external environment, the mass of the lining and simplify its 

production. 

The patent IPC F27B 7/00 No. 57792 considers a rotary kiln with a new lining 

structure. A trapezoidal groove is designed in the centre of the end face of the refractory 

brick facing the shell side, and heat insulation materials are introduced into the trapezoidal 

cell. The upper end face of the trapezoidal cell is close to the end face of the shell. The 

upper end surface of the trapezoidal cell is larger than its lower end surface. The 

disadvantage of the patent is that the thermal efficiency of the rotary kiln is low, and the 

strength of the lining is insufficient, because the thickness of the lining becomes thinner 

over time due to the wear of the lining, and this wear of the lining occurs unevenly. When 

the lining made of refractory bricks is used in this configuration, it will cause changes in 

the mechanical load, compressive stress, and cold temperature difference of the rotary 

kiln, thereby changing the mechanical and thermal properties of the rotary kiln.  

The purpose of this utility model patent is to reduce the heat loss of the rotary kiln, 

improve the thermal efficiency of the rotary kiln, increase the thermal stability of the 
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lining, and prolong the service life of the lining. As shown in Fig.3.1 shows a part of the 

rotary kiln, and the A-A cross-sectional view of the rotary kiln distributed along the axial 

direction. The rotary kiln has a shell 1, a lining 2 made of refractory bricks, and a cavity 

part composed of an upper bottom H1, a lower bottom H2 and a height L. The cavity part 

is filled with insulating material 3, and the refractory bricks are fixed on the shell 1 by the 

supporting device 4, and there is a certain buffer gap between the outer surface of the 

refractory brick and the inner surface of the shell. The refractory bricks 2 of the rotary 

kiln are built in the shell 1, which can reduce the heat loss of the rotary kiln to the 

environment and prevent the direct contact both raw materials and the shell. During 

operation of the rotary kiln, the temperature of the high-temperature hot gas flow and 

correspondingly the temperature of the lining varies along the axial direction of the rotary 

kiln. 

 

Fig.3.1 Modernization of the lining 

Different temperature zones use cavity parts of different shapes to fill the insulating 

material to play different heat preservation functions. In the highest temperature zone of 
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the lining, the length of the bottom side of the cavity is Н1=0, and the cavity is triangular. 

In other temperature areas, when the temperature of the high-temperature hot gas flow 

decreases along the axial direction of the rotary kiln, the temperature increases at the end 

of the rotary kiln, where the high-temperature hot gas flow is usually the lowest, and the 

cavity is rectangular H1=H2. In this case, the thermal efficiency of the rotary kiln 

increases, and the increase in thermal stress is not critical and does not lead to failure of 

the refractory.  

The shape change along the length direction is to consider that during the operation 

of the rotary kiln, the raw materials cause partial wear of the lining, and its thickness can 

be reduced by 60-80%. Therefore, the height of the chamber portion made with H1<H2 

is L. Thus, the strength characteristics of refractory bricks are improved, since in the 

rotary kiln lining during operation, significant mechanical and thermal loads are 

generated due to the temperature gradient between the inner and outer surfaces of the 

lining. This load negatively affects the durability of the refractory and causes its 

displacement relative to the casing and damage during long-term use. The proposed 

constructive solution contributes to a more uniform load distribution of the lining and 

improves the operating conditions of the rotary kiln. In this way, the heat loss from the 

rotary kiln to the external environment can be reduced, the weight of the rotary kiln can 

be reduced, and the thermal stability and service life of the lining can be improved. 

The riding rings(bandage), which provide a surface for the rotary kiln load to be 

distributed, help in supporting the shell of the rotary kiln and are one-piece steel castings. 

The patent IPC F27B 7/22 No. 107294 considers making the bandage of the rotary kiln 

ring-shaped, and the bandage is composed of an inner surface, a supporting surface, two 

sides and an insulating coating on the sides of the bandage. 

The patent IPC F27B 7/22 No. 107294 belongs to the design of a support device for 

barrel-shaped rotary devices, which is particularly suitable for rotary kilns for firing loose 

materials such as cement clinker, expanded clay and perlite in the chemical and mining 

industries. In the known patent rotary kiln bandage by the inner layer, support body, both 

sides of the layer and the bandage contained in the insulation material composition, the 

main disadvantage of this bandage is the bandage in the cross-section of the temperature 

field is not uniform, so that its load-bearing capacity significantly reduced, thus reducing 
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the stability of rotary kiln operation. The rotary kiln bandage in this patent is designed in 

the form of a ring, also consisting of an inner layer, a support body, two side layers and 

insulation material within the bandage. Compared to the above patent, the rotary kiln 

bandage has a greater load carrying capacity, but also has the disadvantage that the 

temperature field within the bandage cross-section is not uniform, reducing its load 

carrying capacity to a certain extent. 

As shown in Figure 3.2, the riding ring 1 of the rotary kiln 2 is made in the shape of 

a ring with an inner layer 3, a support body 4 and two side layers 5, 6 with a thermal 

barrier coating 7. 

 

Fig.3.2 Modernization of the riding ring. 

To avoid the unbalanced temperature field of the bandage in the cross section of the 

rotary kiln and improve the stability of the bandage during the operation of the rotary kiln, 

the utility model patent is characterized in that the bandage of the rotary kiln is designed 

in a ring shape, and heat insulating materials are applied on both sides of the bandage. A 

thermal insulation layer is made on the surface of the side layer, and the thermal insulation 

coating is made removable. As shown by the author's mathematical modeling results of 

the thermomechanical state of the proposed bandage, the temperature field of the bandage 

cross-section is maximally flattened with the thermal barrier coating on the surface of its 

side layers, which reduces the Thermal stress, improving the overall reliability of the 
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bandage and the rotary kiln, while the thermal barrier coating made removable improves 

the bandage's ability to adapt to various temperature conditions. 
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4 CALCULATIONS OF ELEMENTS OF THE BASIC STRUCTURE 

Since this study is based on the situation that the rotary kiln does not contain raw 

materials, the initial temperature of the rotary kiln unit depends only on the temperature 

of both the high-temperature hot gas flow offered and environment, regardless of whether 

the lining has insulation material blocks, and the riding ring has insulation layers. To 

facilitate the smooth operation of VESNA, this paper only uses the burning zone of the 

rotary kiln as the implementation carrier. 

4.1 Parametric and kinematic calculations 

Initial data of the rotary kiln, diameter D=4.0 m, length L=60 m, rotation frequency 

n=1.58 RMP, slope i=4%, number of support devices – 4 pcs. 

4.1.1 Performance of the rotary kiln 

The effective thermal power of the rotary kiln can be given according to the formula: 

33.6 3.6 4.37 10
43.7

3600
T

п

N
 W/h

q

  
 = = =  (4.1) 

where ΝT — the thermal power of the rotary kiln as following formula. 

2 2 345 3.54 80 0.97 4.37 10T N св ПN k D L k  kW=    =    =   (4.2) 

2 4 2 0.23 3.54свD D  m= −  = −  =  (4.3) 

where k=45; Dcв - the diameter of the inner surface of the lining of the rotary kin; δ - 

lining thickness in the sintering zone, δ=230mm; kп - correction factor, kп=0.97; qп - 

specific heat consumption for firing perlite, qп=3600 KJ/kg. 

Thermal stress in the sintering zone is checked using following expressions: 

3
2

2 2

4 4 4.37 10
444.02

3.1415 3.54
T

T

св

N
 kW/m

D




  
= = =

 
 (4.4) 

The obtained result does not exceed the permissible values (up to 6000 kW/m2 for 

the dry process method of production). 

The productivity of the rotary kiln as a conveying unit is calculated by the formula: 

2 23.1415 3.54
0.08 1.2 42.17 39.84

4 4
св

ср ср

D
  

 
=    =    =  

(4.5) 

Here is the average speed of transportation of the material in the rotary kiln. 

60 3.1415 3.54 0.04 1.58 60 42.17 /ср свD i n  m h =     =     =  (4.6) 
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where ρср - the average density of the material, 1.2 t/m3;   - average filling coefficient of 

the furnace section, 0.08. 

4.1.2 Rotation drive power of the rotary kiln 

To determine the power, we calculate the moments of resistance forces to the 

rotation of the rotary kiln. The moment caused by the material located off-center in the 

rotary kiln. 

5 5

1 5.58 10 0.68 3.79 10mM G a  N m=  =   =    (4.7) 

where Gm - weight of material in the rotary kiln. 

3 50.79 1.2 10 9.81 60 5.58 10m m срG F g L  N=    =     =   (4.8) 

The area of the inner surface of the rotary kiln 

2 2
23.14 3.54

0.08 0.79
4 4

св
m

D
F  m




 
=  =  =  (4.9) 

where a - the distance from the vertical axis of the rotary kiln section to the center of 

gravity of the material section, according to the formula. 

0 sin( ) 1.49 sin(27 ) 0.68a R  m =  =  =  (4.10) 

where ψ - angle of slope of the material in the rotary kiln, ψ=27°. 

The distance from the center of gravity of the material section to the axis of rotation 

R0 can be found using Fig.4.1. 

0

3.54
0,84 1.49

2 2
свD

R =  =  =  (4.11) 

  

a b 

Fig.4.1 Scheme for determining power consumption and dependencies of   and  . 
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Friction moment of the bandage rolling on rollers: 

6

2

4

16.68 10 0.0005
( )

cos( ) cos(32.5 ) 0.85

(0.85 2.74) 4.18 10

об
p б

p

G
M R R

R

               N m





  
=  + =

 

 + =  

 (4.12) 

where Goб - total weight of the rotary kiln, β - angle of installation of rollers relative to 

the vertical axis, β=32,5°;   - coefficient of friction of roller skating bandages, 

=0,0005 m. 

The moment of friction forces in the bearings of the roller support, reduced to the 

axis of rotation of the rotary kiln, is determined by the formula: 

6 5

3

5

16.68 10 8 1,76 10
0.008

cos( ) cos(32,5 )

0,28
2,74 1,54 10

0,85

цоб
б

p

RG z G
M f R

R

                        N m



+   +  
=    =  

 =  

 (4.13) 

where zр - number of support rollers, zp=8; Gp - weight of one roller along with the axis, 

Gp=1,76105 Η; f - friction coefficient in bevel roller bearings of supports, f=0,008. 

The required power of the electric motor is found by the formula: 

5 4 5

1 2 3( ) (3.79 10 4.18 10 1.54 10 ) 0.165
99.8

1000 1000 0.95гл

M M M
N  kW





+ +   +  +  
= = =

 
 (4.14) 

where ηгл - k. p. bud. drive, ηгл=0,95; ω - angular velocity of the rotary kiln, at a maximum 

rotational speed n=1.58 rpm. 

3,1415 1.58
0.165

30 30

n
 rad




 
= = =  (4.15) 

We accept the electric motor AT2-61-8 with a power of N = 400 kW and a rotational 

speed of two = 750 rpm. 

4.1.3 Calculation of rolling bearings for durability 

The axes of the support rollers are installed on four-row tapered roller bearings No. 

777/750, non-standard, perceiving radial load. The axial load is perceived by thrust roller 

bearings of three-row number 9889492. The maximum value of the reference reaction 

was found earlier: 

62.3 10AR N=   (4.16) 

The reduced load on the radial bearing according to the formula at y = 0, x = 1 will 
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be: 

6 62.3 10 1 1.3 1 2.99 10пр A k TP R k k k  N=    =     =   (4.17) 

where kk = 1, k = 1,3, kT = 1 - coefficients of rotation, safety and temperature. The 

temperature during normal operation of the cooling system does not exceed 125 °C. 

The reduced load on the thrust bearing is determined from the equation: 

0 5 67.49 10 1.3 1 0.97 10пр TP A k k  N=   =    =   (4.18) 

We find the durability of bearings by the formula: 

for radial: 

,
7

6

0 3 3 10 9.81
( ) 98.43

2.99 10

p

R

пр

C g
h

P
n

  
=


= =  (4.19) 

for stubborn: 

0

5

,
6

3 6 10 9.81
( ) 60.68

9.7 10
nh

 
=


=  (4.20) 

where C - the coefficients of performance taken from Table. for the bearings used. 

Bearing speed can be calculated as following formula: 

2.74
1.58 5.09

0.85
б

П

p

R
n n  r/min

R
=  =  =  (4.21) 

Durability of the radial bearing hrad > 105h > 10 years. Durability of the thrust bearing 

hyn = 33800h ≈4 years. It should be considered that the rotary kiln has a constant axial 

movement, and 25% of the working time the furnace moves up, and 75% - down. The 

most loaded "lower" thrust bearing is loaded only 75% of the time, therefore the actual 

thrust bearing life 
75,0

4

75,0
==

упф

уп

h
h = 5.3 years > 5 years. 

4.2 Heat calculations 

Diameter of the rotary kiln D = 4.0m; total heat transfer surface Fп = 4650m2; the 

thermal power of the rotary kiln п = 5.02 × 108 KJ/h; lower calorific value of fuel 

21520 / ;р

нижQ KJ kg= ; Sludge moisture Wм = 1%; specific consumption of dry raw 

materials 
31,48 /сух

МG m kg clinker=  ; Yield of combustion products Vг = 6.53 

Nm3/kg(t); heat content of air and fuel entering the rotary kiln 
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' 1037,5 /гg KJ kg clinker=  ; Heat loss in the environment gвтр = 824.8 KJ/kg. 

4.2.1 Breakdown of the rotary kiln into zones 

The calculation of the division of the furnace into zones is shown in Table.4.2 

(APPENDIX C), in which the temperatures of the material at the boundaries of the zones, 

physicochemical transformations, material constants, etc. are given. 

The numbering of zones is carried out from the hot end. It is accepted that the degree 

of dust deposition in the zone is 50% and, therefore, the amount of dust circulating in the 

furnace is equal to the amount of dust carried out of it; dust trapped in the gas cleaning 

system returns to the furnace area. The total amount of dust released in the furnace is 

equal to: 

( ) 310 10
1.48 0.2 0.296 /

10

заг сух

пл мG G m kg clinker.
+

=  =  =   (4.22) 

Gas composition: 

СО2=0.12%; СН4=91.5%; С2Н6=4.0%; С3Н8=1.6%; С4Н10=0.28%; С5Н12=0.13%; 

N2=2.39%; 

The heat of combustion of the gas Qр
низ - 8929 KJ/nm3; 

The cost of dry raw materials on clinker 1 kg, Gсух
м - 1.565 kg/kg clinker; 

Costs for calcining dry raw materials - 35.5%; 

Sludge moisture Wм = 1.0%; 

The degree of dissociation of CaCO3 in cyclone heat exchangers у - 15%; 

Temperature of combustible gas entering the furnace installation, tг - 10˚С; 

The amount of air coming under the grille of the refrigerator, Vвх - 2.8 nm3/kg 

clinker; 

The temperature of the dust returned to the process tпл - 40˚С; 

Air suction due to leaks in the head of the furnace – 5%; of the total amount of air 

used to burn fuel; 

Ambient temperature – tв - 15˚С; 

The average temperature of the raw material charge entering up to 1st cyclone, tm - 

40 °C; 

The temperature of the gases at the outlet of the refrigerator tг
отх - 330˚С; 
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Clinker temperature at the exit of the refrigerator tкл
х - 100˚С; 

The temperature of excess air emitted from the refrigerator into the atmosphere, tатм 

-170˚С; 

Thermal effect of clinker formation qр=439,3 KJ/kg clinker; 

The amount of primary air - 25% of the total air consumption for combustion. 

Clinker temperature at the outlet of the furnace - tкл
п - 1200˚С; 

Coefficient of excess air - behind the furnace - 1,1%, before the 4th cyclone - 1.2%, 

after the 4th cyclone - 1.3%, before the 3rd cyclone - 1.4; for 2nd cyclones - 1.5, for 1st 

cyclone - 1.6; 

The efficiency of the electrostatic precipitator ηELF=0.95, cyclones: 1-0.9; 2 - 0.7; 3-

0.7; 4 -0.7; 595-concealed heat of water vaporization at 0°C in kJ 

Heat consumption in the environment, kJ/kg cl: furnace - 120; saw chamber 5; 1 

cyclone - 4; 2 cyclones - 6; 3 cyclone - 8; 4 cyclone -10; refrigerator -10; 

Removed dust from the rotary kiln in % of dry material z=15, 

4.2.2 Air consumption for combustion and output of combustion products 

Theoretical air flow: 

*

4 2 8 4 10 5 12

3 3

[ ] 0,0238(4 7 13 16 )

0.0238(4 91.5 7 4.0 10 1.6 13 0.28 16 0.13) 9.92 / .

р

вV СН С Н С Н С Н

нм нм газа

= + + + =

 +  +  +  +  =
 (4.23) 

Practical air flow: 

* * 3 3[ ] 9.92 1.1 10.91 / .в вV V нм нм газа= =  =  (4.24) 

Yield of combustion products: 

2

*

4 2 6 3 8 4 10 5 12 2

3 3

[ ] 0.01( 2 3 4 5 ) 0.01

(91.5 2 4.0 3 1.6 4 0.28 5 0.13 0.12) 1.06 / .

T

COV СН С Н С Н С Н С Н CO

нм нм газа

= + + + + + = 

+  +  +  +  + =
 (4.25) 

2

* * 3 3

2[ ] 0.79 0.01 0.79 10.91 0.01 2.39 8.64 / .T

N BV V N нм нм газа= + =  +  =  (4.26) 

2

* * 3 30.21( 1)[ ] 0.21(1.1 1) 9.92 0.208 / .T

О BV V нм нм газа= − = −  =  (4.27) 

2

*

4 2 6 3 8 4 10 5 12

3 3

0.01(2 3 4 5 6 ) 0.01

(2 91.5 3 4.0 4 1.6 5 0.28 6 0.13) 2.04 / .

T

H OV СН С Н С Н С Н С Н

нм нм газа

= + + + + =

 +  +  +  +  =
 (4.28) 

Yield of gaseous products from raw materials: 

The total amount of CO2 isolated from the raw material charge, 
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2

( . . ) 1.565 35.5
0.556 /

100 100

сух
M M м

CO

G п п п
G  kg kg clinker


= = =  (4.29) 

or 

2

2

2

30.556
0.281 /

1.977

M

COM

CO

CO

G
V  нм kg clinker


= = =  (4.30) 

The amount of CO2, released in a cyclone heat exchanger of 4 degrees, 

2

2

0.556 15
0.083 / .

100 100

M

COIV

CO

G y
G  kg kg clinker


= = =  (4.31) 

or 

2

2

30.083
0.042 /

1.977

IV

COIV

CO

CO

G
V  нм kg clinker


= = =  (4.32) 

The amount of CO2, released in a rotary kiln, 

2 2 2
0.556 0.083 0.473 /II M IV

CO CO COG G G  kg кkg clinker= − = − =  (4.33) 

or 

2 2 2

30.281 0.042 0.239 /IV M IV

CO CO COV V V нм kg clinker= − = − =  (4.34) 

Amount of water vapor 

2

1.565 1.0
0.0158 /

100 100 1.0

сух
M M M

H O

M

G W
G  kg kg clinker

W


= = =

− −
 (4.35) 

2

3

3

30.0158
0.019 /

0.805

M

H OM

H O

H O

G
V нм kg clinker


= = =  (4.36) 

4.2.3 Amount of dust that passes through cyclone heat exchangers 

Amount of dust carried by gases from a rotary kiln, 

2
(1 ) (1.0 0.473) 15

0.26 /
1 100 15

СОП

пл

G z
G  kg kg clinker

z

+ + 
= = =

− −
 (4.37) 

Amount of dust deposited in a grade IV cyclone, 

2
1.0 1,0 0,473 0,26 1,733 / .IV П П

oc CO плG G G  kg kgclinker= + + = + + =  (4.38) 

The total amount of dust entering the cyclone of the IV stage, 

2
2.594 1.733 0.083 0.778 /IV IV IV IV

вых об оc COG G G G  kg kgclinker= − − = − − =  (4.39) 

The air flow rate that enters the rotary kiln installation on the clinker of 1 kg. 
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Practical air consumption for combustion 

* 310.91 / .B B T TV V V V нм kg clinker= =  (4.40) 

The amount of air that is sucked through the head of the rotary kiln, 

. 30,05 0,05 10,91 0,545 /г к

B B TV V V нм kg clinker= =  =  (4.41) 

The amount of air that enters the rotary kiln along the cyclone tract, 

3[ ]( ) 9.92(1.6 1.1) 4.96 /хк I

B B цик П T T TV V V V V нм kgclinker = − = − =  (4.42) 

The total amount of air that enters of the rotary kiln installation, 

. . . .

. .

3

2,8 0,545 4.96

2.8 5.5 4.96 /

об г к х к

B B Х B B T T

T T

V V V V V V

V V нм kg clinker

= + + = + + =

+ =
 (4.43) 

The amount of residual air that is released into the atmosphere 

. . .

. .

3

2.8 0.545 10.91

2.8 10.365 4.96 /

изб г к

B B Х B B T T

T T

V V V V V V

          V V нм kg clinker

= + − = + + =

+ =
 (4.44) 

4.2.4 Thermal balance of the of the rotary kiln installation  

Fuel combustion heat 

8929 /p

П T низ Tq V Q V KJ kg clinker= =   (4.45) 

Physical heat content of fuel 

TTTТT

ф VVtсVq 85.310385.0 ===  (4.46) 

Heat content of raw materials 

( ) (1.565 0.22 0.0158) 40 14.5 /сух М

M M М W Mq G с G t KJ kg clinker= + =  +  =  (4.47) 

Heat capacity of air 

( )2.8 5.5 0.31 15

13.0 25.6 /

об

в в в в Т

Т

q  V c t    V      

              V KJ kg clinker 

= = +   =

+
 (4.48) 

Thermal effect of clinker formation qр = 439,3 KJ/kg clinker. 

Loss of heat for burning water from raw materials 

595 0.0158 595 9.4 /м м

w wq  G        KJ kg clinker=  =  =  (4.49) 

Heat loss with exhaust gases 
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( )

( )

( )

( )

2 2 2 2 2 2 2

.

2 2 2*

1.06 0.281 0.4535 8.68 0.3136

0.208 0.3255 2.04 0.019 0.3685 4.96 0.316

Т М Т Т

CO CO CO N N O Oотх отх

г гТ М х к

H O H O H O в в

т т

т т т

V  V с  V с  V с  
q  t  

V  V с  V с

V    V   

V   V   
    

 V

       

 

 

 

 
 
 
 

 
 
  

+  + + +
=  =

+ +

+  +  +


 + +  + 

330 1843 44.3 / .т  V   KJ kg clinker= +

 (4.50) 

Takeaway heat loss 

( )
( ) ( )

0.29 1 0.29

0.95 0.29 0.25 330 – 40 1 – 0.95 0.29 0.25 330

21.

)

/

(

1

отх отх

пл эф пл г пл эф пл гq h с t  t    h с t  

       

  KJ kg clinker

=   − + −    =

   +    =  (4.51) 

0.29 kg/kg clinker – amount of dust that gases take out of Cyclone I. 

Heat loss with clinker: 

0.188 100 18.8 /кл кл клq  c t     KJ kg clinker= =  =  (4.52) 

Loss of heat with air coming out of the refrigerator 

( )2.8 – 10.365 0,31 170

147 546 /

изб изб изб

в в в в Т

Т

q  V c t    V   

  V KJ kg clinker

= =   =

−
 (4.53) 

Loss of heat in the environment qпот = 163 KJ/kg clinker. 

From the heat balance equation, we find VT: 

3

8929 3.85 14.5 13.0 25.6

439.3 9.4 1843 44.3 21.1 18.8 147 – 546 163;

0,1064 /

Т Т Т

Т Т

Т

V  V      V  

   V          V  

                                       V   нм kg clinker

+ + + + =

+ + + + + + +

=

 (4.54) 

Specific heat consumption for ignition 

8929 0.1064 950 /р

п низ тq  Q V     KJ kg clinker= =  =  (4.55) 

4.3 Calculations on strength 

4.3.1 Calculation of the axis of the support roller 

We determine the stress in sections I, II by the formula and the safety reserves in 

these sections as shown in Fig.4.2. 

4 53.734 10 0.2 7.468 10сА P f N=  =   =   (4.56) 

where fс - Steel friction coefficient, fс=0.2. 

Bending torque from axial force  

5 57.468 10 0.85 6.3478 10PМ A mNR=  =   =    (4.57) 
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The maximum reaction of the supports is found by the formula: 

3 5 5
53734 10 1.76 10 6.3478 10

2.257 10
2 2 2 2 2.1

p

A

GP M
R  N

l

  
= + + = + + =   (4.58) 

Here l is the distance between the supports, we take l = 2.1m. 

Moments of resistance of sections I, II:  

3 3 7 30.1 0.1 640 2.6 10I IW d mm= =  =   (4.59) 

3 3 7 30.1 0.1 710 3.5 10II IIW d mm= =  =   (4.60) 

Here d dII are the axis diameters in sections I, II, d=640mm, dII=710mm. 

Normal stresses in cross section and determined by expression 

5

7

2.257 10 550
47.7

2.6 10
A I

I

R l
 MPa

W


  
= = =


 (4.61) 

 

Fig.4.2 Load diagram of the axis of the support roller. 

The margin of safety is obtained by the formula, considering the weakening of the 

section by the gutter: 

1 250 0.5 1
1.25

47.7 2.5
d Vk k

n
k




−    

= = =
 

 (4.62) 

where σ-1 = 250 MPa (steel 40X); kσ k d kv are the effective coefficients of voltage 

concentration for the gutter, the influence of the absolute dimensions of the cross section 

(scale factor), the influence of the state of the surface hardened layer. To determine the 

coefficients, we take the radius of the gutter r = 20 mm, then  

11/ 20 / 640 0.0312r d = =  (4.63) 

1 11/ 710 / 640 1.1093d d = =  (4.64) 



 

 
39 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

We find the coefficient of voltage concentration: in the manufacture of the axis of 

steel 40X σΒ=600 MPa, kσ=2.5. We get the coefficient of influence of absolute 

dimensions, kd = 0.5. The coefficient of influence of surface hardening kv=1. 

In cross section I, the margin of safety is greater than the permissible [n]=1.5. In 

other sections, the safety margin is even greater. 

4.3.2 Calculation of the pinion gear for strength  

This calculation is carried out in accordance with the design scheme presented in 

Fig.4.7. 

We determine the district effort: 

5
5

0

2 2 3.5 10
5.6 10

1.25
T

ш

M
P  N

d

  
= = =   (4.65) 

Spacer forceТ=Р0  tg(α)=5,6  105  tg(20)=2.03  105 N. 

Total bending shaft force: 

2 2 5 2 5 2 5

0 (5.6 10 ) (2.03 10 ) 5.95 10сумР P T  N= + =  +  =   (4.66) 

where α — engagement angle, α=20°. 

Since the weight of the gear is approximately 105 N, we round the value of Psums to 

6×105 N, then the reference reactions R  A = RB = 3 × 105 N. 

 

Fig.4.3. The calculation scheme of the crown gear. 
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The dimensions of the shaft-gear are as follows: l=1.730m; da=0.45m; а=0.438m; 

dc=0.38m; с=0.119m, where dc, da - diameters of the hex shaft in sections С, А. 

Bending moment in cross section C: 

5 43 10 0.119 3.57 10 .с AМ R c N m=  =   =    (4.67) 

Cross-sectional resistance torque: 

3 3 3 30.1 0.1 0.38 5.48 10c cW d m−=  =  =   (4.68) 

The moment of resistance is polar: 

3 3 3. 2 2 5.48 10 10.96 10 .p c cW W m− −=  =   =   (4.69) 

Normal stress in cross section C: 

4

3

3.57 10
6.51

5.48 10
c

c

c

M
MPa

W


−


= = =


 (4.70) 

Torsional stress: 

5

2

.

3.57 10
32.5

1.096 10
ш

c

р c

M
 MPa

W


−


= = =


 (4.71) 

Due to the small values of the bending stress, we determine the margin of safety only 

by tangential stresses. The voltage concentrator is a haltel with a radius r=4 mm, d=380 

mm, D=450 mm: 

4 450
0.0105 1.18

380 380

r D
  

d d
= = = =  (4.72) 

In the manufacture of a gear shaft made of steel 50 (σΒ=600 MPa) torsional safety 

factor: 

61.3

25.1605,0
15,0

25.1625.1

1501 =

+



=

+



= −

mF

d

a

kk

k
s









  

(4.73) 

where t-1 = 0.25σB = 0.25600 = 150 МPа; 

kτ=1.25; kd- coefficient of influence of absolute dimensions, kd = 0.5; 

kv - coefficient of influence of surface strengthening, kv = 1; 

τa = τm = 0.5τc = 0.532.5 = 16.25 MPa - amplitude and average value of torsional 

stresses for shafts operating without reversing; 

yt - coefficient of sensitivity to the asymmetry of the voltage cycle, ψτ = 0.05 with 
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σB > 600 МПа. 

Allowed safety margin value [s] > 2.5. Thus, the cross-sectional strength C for 

fatigue resistance is sufficient. 

Consider now cross-section A. 

Bending moment in cross section: 

5 43 10 0.438 1.3 10а aМ R A N m=  =   =    (4.74) 

Moment of resistance to the bend: 

3 3 3 30.1 0.1 0.45 9.1 10 .a aW d m−=  =  =   (4.75) 

Torsion resistance: 

3 2 3

. 2 2 9.1 10 1.82 10p а aW W m− −=  =   =   (4.76) 

Normal stress in section A: 

4

3

1.3 10
4.8

9.1 10
a

a

a

M
 MPa

W


−


= = =


 (4.77) 

Torsional stress: 

5

2

.

3.57 10
19.6

1.82 10
ш

с

р а

M
 MPa

W


−


= = =


 (4.78) 

In cross section, a stress concentrator is a haltel, r=90mm, d=450mm, D=943mm, so 

90
0.2

450

r

d
= = ;  

943
2.1

450

D

d
= = . 

Concentration coefficients: kσ=2.6; kτ=1.9; Coefficients of influence of absolute 

dimensions: Kdσ=Kdτ=0.47. 

619.6
9.8 10

2 2
A

a m  MPa


 = = = =   (4.79) 

Safety margin for bending stresses: 

1
1

300 0.47 1
5.5

2.6 4.8
300d

и

a

with  MP
k k

s  a
k









−

−

   
= = = =

 
 (4.80) 

1
1

150
3.73

1.9 9.8
0.05 9.8

0.4

3

7 1

00
a

F m

d

s  
k

with  MP

k k

a







 

−
−= = =

 
+  + 

 

=  
(4.81) 

Total resistance reserve in volumes: 
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9,4
5,573.3

73.35,5

2222
=

+


=

+


=





ss

ss
s

и

и
E  (4.82) 

4.3.3 Strength calculation of the rotary kiln 

To determine the operability of the rotary kiln modernization, the rotary kiln unit 

must be calibrated for mechanical strength, and the maximum stress in the rotary kiln unit 

must be less than the permissible stress. Mechanical strength refers to the maximum load 

that a material can withstand per unit area when subjected to external forces. In this paper, 

the thermal stress field of the rotary kiln is simulated in VESNA to determine where the 

maximum stresses occur and to provide a reference for improving the structure of the 

rotary kiln. The permissible stress [ ]S  for the shell and its riding ring in this paper is 65 

MPa, while the permissible stress [ ]L  for the lining is 35 MPa. 

The modeling of the VESNA system to simulate the thermal stress field of the 

modernized rotary kiln unit allows to find out where the maximum stress occurs. The 

node of the maximum stress of both the shell and riding ring in the rotary kiln unit is 

000_K1_K_00020 when the height of the lining is 230mm, as shown in Table.4.4. 

Table.4.4 the maximum stress after modernization (the shell + riding ring). 

Element 11  22  33  

000_K1_K_00020 7.18 MPa -3.91 MPa -53.9 MPa 

Since the material used to manufacture the shell and riding ring of rotary kiln is 

Hydrocarbon Steel, which has plastic and isotropic characteristics, then the mechanical 

strength can be judged according to the Fourth Strength Theory.  

The Fourth Strength Theory criterion is used for plastic isotropic bodies with the 

same tensile and compressive capacity and is also known as the shape change energy 

theory. It is defined by the equation: 

2 2 2

. & 11 22 22 33 33 11

2 2 2

0.7071 ( ) ( ) ( )

            0.7071 (7.18 ( 3.91)) ( 3.91 ( 53.9)) ( 53.9 7.18)

            56.36

Gpr S R

MPa

      = − + − + −

= − − + − − − + − −

=

 4.83 

The node of the maximum stress of the lining in the rotary kiln unit is 

000_K1_K_00020, as shown in Table.4.5. 
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Table.4.5 the maximum stress after modernization (the lining). 

Element .Gpr L  

015_F4_K_00060 31.50 MPa 

For brittle materials, which include lining, refractory, brick, glass, and other 

materials, it is provided to determine the possibility of destruction using the First intensity 

theory: 

. 31.50Gpr L MPa =  4.84 

The thermal stress generated is considered acceptable only if it is within the range 

of permissible stresses and can ensure that the rotary kiln unit will not fracture, otherwise 

the structure of the rotary kiln needs to be improved. 

Because: 

. & 56.36 [ ] 65Gpr S R SMPa MPa =  =  4.85 

. 31.50 [ ] 35Gpr L LMPa MPa =  =  4.86 

The strength check of the modernized rotary kiln unit (lining height is 230mm) 

shows that the maximum stress point of the shell and riding ring is 000_K1_K_00020 

with the value of 56.36MPa, which is less than the permissible stress of its material 

65MPa, while the maximum stress point of the lining is 015_F4_K_00060 with the value 

of 31.50MPa, which is less than the permissible stress of its material 35MPa. The rotary 

kiln unit meets its strength design. 

4.4 Initial structural parameters of the rotary kiln 

The rotary kiln utilized in the Kryvyirig cement plant in Ukraine has a radius of 2m, 

an initial lining thickness H1 of 230mm, the shell thickness H2 of 20mm. The burning 

zone length L of the rotary kiln unit which is made of 66 circular refractory brick is 10m. 

The length L1 of the circular refractory brick is 150mm, the height H3 of the 

insulation material block is 60mm, the length L2 of the bottom edge of the insulation 

material block is 120mm, the length L3 of the top edge of the insulation material block is 

60mm, as shown in Fig.4.4. 

This study set the materials for the shell to be Hydrocarbon Steel, the lining (circular 

refractory brick) to be Chamotte, both the insulation material brick in the circular 

refractory brick and insulation layer on both sides of the riding ring to be Mullite-Silica 



 

 
44 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

Fiber, the relevant mechanical physical properties and thermal physical properties of 

material are shown as in Tab 4.6. 

 

Fig.4.4 Scheme of heat exchange in the cross section of the rotary kiln. 

During the operation of the rotary kiln, the temperature of among the lining, shell, 

and insulation materials cannot exceed the maximum temperature of its own physical 

properties, otherwise it will fail and cause major safety accidents. 

Table 4.6 Physical property parameters. 

 Hydrocarbon Steel Refractory brick Mullite-Silica Fiber 

Thermal conductivity 

(W/m·К) 
45.5(

S ) 1.16(
L ) 0.15(

In ) 

Maximum temperature  538 1600 1400 

Density (kg/m3) 7800 2500 360 

Young's modulus (Pa) 2×109 2×107 - 

Poisson's ratio 0.3 0.17 - 

Coefficient of linear 

expansion 
10×10-6 10×10-7 - 

Specific heat capacity 0.46 1.09 - 

4.5 Temperature calculation of the rotary kiln 

4.5.1 Boundary conditions of the rotary kiln 

The heat transfer process of a rotary kiln in unit this study involves heat convection, 

heat conduction, and heat radiation [44]. Heat convection occurs at the contact surface 

between the high-temperature hot gas flow and the lining, as well as the environment and 

the shell. At the contact surface between the environment and the shell, heat radiation 
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occurs. Hear conduction occurs in the lining, shell, and insulation material (if included). 

The relevant thermal physical properties of the lining, shell, and insulation material were 

offered as shown in Tab 4.1.  

In this study, the Dirichlet boundary condition is used in the rotary kiln because the 

initial temperature of the rotary kiln is given (T=T0). The initial temperature of the inner 

surface the lining (inner boundary) was determined by the temperature of the high-

temperature gas flow inside the rotary kiln from experimental dependences as can be seen 

Fig.4.5, in this study the initial temperature of the high-temperature hot gas flow on inner 

surface the rotary kiln unit was taken to be 1700 °C (0m ≤ L < 4.0m), 1676 °C (4.0m ≤ L 

< 7.0m), and 1650 °C (7.0m ≤ L < 10.0m, the end with the riding ring) while the initial 

temperature of the outer surface the shell (outer boundary) was determined by the 

temperature of the environment (20 °C). 

The efficient heat transfer coefficient S Eh → between the shell and the environment 

was given [17,45]. 

3.5 0.062S E Sh T→ = +  4.87 

The expression [46] can be used to calculate the efficient heat transfer coefficient 

G Lh →  from the high-temperature hot gas flow to the inner surface of the lining: 

4 0.674

5.68

100 100

0.418
L G F G G

G L G G

G L

P

P G

Т Т
h

Т Т

D

D

  





→

    
 = − + 
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Fig.4.5 – Temperature of the inner surface of the lining. 

4.5.2 Thermal resistance of circular refractory brick with corresponding shell 

Thermal resistance is generally determined by the heat transfer distance and the 
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thermal conductivity of the heat transfer medium. The longer the heat transfer distance 

and the lower the thermal conductivity of the heat transfer medium, the stronger the 

thermal resistance, and thus the higher the thermal efficiency. However, as the lining thins 

because of wear, the heat transfer distance shortens, lowering the thermal resistance and 

thermal efficiency. To increase the heat resistance of the rotary kiln, and hence increase 

the efficiency, insulation materials with lower thermal conductivity must be introduced 

into the rotary kiln. Thermal resistance can be calculated according to Fig.4.6. 

When the circular refractory brick does not contain heat insulation material block, 

use the following formula to calculate the thermal resistance, as shown in Fig.4.6(b), 

where i is equal to 1, 2, 3 and 4, corresponding to the height H1 of the lining is 230mm, 

180mm, 130mm and 80mm. 

( )1 2

0 0

1 1 1 1H i H

G L L S S E

R d d
h h

 
 → →

= + + +    (4.89) 

Since the heat from the high-temperature hot gas flow diffuses along the direction 

perpendicular to the length L1 of the circular refractory bricks, the heat transfer medium 

and the heat transfer distance are the same, so the thermal resistance in the direction 

perpendicular to the length L1 of the circular refractory bricks keeps unchanged, as shown 

in Fig.4.7(right side). 

 

Fig.4.6 Schematic diagram of heat conduction in the rotary kiln. 

After the introduction of insulation material block into the circular refractory bricks, 

the heat from the high-temperature hot gas flow diffuses along different heat transfer 

media and heat transfer distances perpendicular to the length L1 of the circular refractory 

bricks as shown in Fig.4.6(a), so that the thermal resistance perpendicular to the length 
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L1 of the circular refractory bricks is not equal. When calculating the thermal resistance, 

it is necessary to divide the length L1 of the refractory brick into five segments for 

calculation as shown in Fig.4.6(a). 

The following equation is used for the thermal resistance calculation in section 1. 

( )1 21* 1 2

0 0

1 1 1 1
, 0

2
 X

In

H i H

G L L S S E

L L
R d d

h h
 

 
→ →

−
= + + +     (4.90) 

The following equation is used for the thermal resistance calculation in section 2. 

( ) 3 31 22* 1 2 1 3

0 0 0

1 1 1 1 1
,

2 2
 X
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H i H H H
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 −
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− −
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The following equation is used for the thermal resistance calculation in section 3. 

( )1 3 3 23* 1 3 1 3

0 0 0

1 1 1 1 1
,

2 2
 X

In

H i H H H

G L L In S S E

L L L L
R d d d
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−
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− +
= + + + +      (4.92) 

The following equation is used for the thermal resistance calculation in section 4. 

( ) *
1 11 3 3 24* 1 3 1 2
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The following equation is used for the thermal resistance calculation in section 5. 

( )1 25* 1 2

10 0

1 1 1 1
,

2
 X

In

H i H
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→ →

+
= + + +     (4.94) 

In section 2, the height of the heat flow through the insulation material: 

( )*

3
15H X tan= −  (4.95) 

In section 4, the height of the heat flow through the insulation material: 

( )*

1
105H X tan= −  (4.96) 

Angle between top edge and waist length of trapezoidal insulation material. 

2 3

2 3

H
arctan

L L


 
=  

− 
 (4.97) 

It is obvious that the thermal resistance of the circular refractory brick has increased 

significantly after the introduction of insulation material block as shown in Fig.4.7(left 

side) based on the same conditions. 

With the help of equations (4.88-4.95), it can be calculated that the thermal 

resistance of the circular refractory brick with insulation material block presents a ‘hat 

shape’ distribution with length of the refractory brick from 0mm to 150mm, as shown in 
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Fig.4.7(left side), while in circular refractory bricks without insulation material block, the 

thermal resistance of the refractory brick remains unchanged, which can be obtained with 

the help of equations (4.87) as shown in Fig.4.7(right side).  

 

Fig.4.7 The thermal resistance of the refractory brick. 

4.6 Numerical solution for the temperature of the rotary kiln 

When solving the heat conduction problem, usually go through the following six 

steps: (1) establish the governing equation and definite solution conditions, (2) discretize 

the area, (3) establish the algebraic equation of the node physical quantity, (4) establish 

the iterative initial stage of the temperature field value, (5) solving algebraic equations, 

(6) judging whether it converges and (7) analysing the solution. 

Since the research is carried out without filling materials in the rotary kiln, it belongs 

to the category of steady-state heat transfer. To simulate the steady temperature field of 

the rotary kiln lining, the general differential equation of the steady thermal conductivity 

of the cylindrical coordinate system is used. As shown in the following formula: 

2 2 2

2 2 2 2

1 1
0

T T T T

r r r r z

   
+ + + =

   
 4.98 

The rotary kiln unit is gridded into small control volumes, and the grid node is used 

as the spatial position where the temperature value needs to be determined. The distance 

between two adjacent nodes is called the step length, which is recorded as ∆x, ∆y, and 

∆z. The position of the node is marked as i, j and k in the three directions of the point. 

So, the algebraic equation of the nodal physical quantity is: 
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 4.99 

The establishing the iterative initial stage of the temperature field value can be set 

according to the boundary conditions. 

Finally, the iterative calculation of the rotary kiln unit is performed with the help of 

the VESNA system. 
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5 FEASIBILITIES OF DEVELOPMENT AND APPLICATION OF ROTARY 

KILN 

5.1 The technology of assembling a hydraulic stop 

5.1.1 Sketch of hydraulic support 
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5.1.2 Specification 
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5.1.3 Assembly scheme 
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5.1.4 Operational assembly drawing 
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5.2 Installation of the machine on the foundation 

5.2.1 Plan-diagram of placement of foundation bolts 
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5.2.2 Maps of machine assembly sketches 

 

 



 

 
62 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

 

 



 

 
63 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

 

 

 



 

 
64 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

 

 

 



 

 
65 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

 

 



 

 
66 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

 

 

 



 

 
67 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

5.2.3 Installation operation card 
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5.3 Operation of the machine 

5.3.1 Lubrication scheme 
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5.3.2 Lubrication table 

 

№ 

п/

п 

Змащуванні 

місця 

Кількість 

Точок 

змащення 

Змазка 
Метод 

змащення 

Періодичність 

змащення 

1 Підшипник опори 8  

Централізо-

вана система 

змащення 

Під час роботи 

2 

Підшипник 

редуктора 

допоміжного 

двигуна 

1 
УС-2 

(солідол) 
Набивка 

1 раз / 6 

місяців 

3 Муфта редуктора 1 АК-10 Шприцовка 
3 рази / 6 

місяців 

4 

Підшипник 

редуктора 

головного 

двигуна 

2  

Централізо-

вана система 

змащення 

Під час роботи 

5 Редуктор  1  

Централізо-

вана система 

змащення 

Під час роботи 

6 

Централізована 

система 

змащення 

1  ----- 

Під час роботи 

 

Conclusion: as a result of the implementation of the installation and operation 

section, the assembly technology of the rotary kiln assembly - hydraulic thrust was 

developed. Schematic installation of the rotary kiln on the foundation was performed and 

a lubrication scheme and lubrication table were created for normal operation of the rotary 

kiln. 

5.4. Analysis of harmful and dangerous production factors of the rotary kiln  

Occupational health and safety include issues of occupational safety, prevention of 

injuries and occupational diseases; fires and explosions at work; issues of legal labor 

protection. Issues of fire safety in electrical installations are also related to labor 

protection. Electric stations and networks are equipped with modern equipment, which is 

based on the principles of labor protection. 
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In this project, issues of occupational health and safety are considered for a cement 

plant, where a designed rotary kiln of 4.5×80m is installed. 

Safe designs of electrical machines, mechanisms and other devices must ensure 

health and safe levels of work for service personnel, the operator who is in the control 

cabin. 

The following harmful and dangerous production factors are considered: 

• air of the working area; 

• production noise; 

• vibration; 

• moving and rotating parts of the furnace; 

• danger of electric shock. 

5.4.1. Workspace Environment 

The work of the rotary kiln maintenance operator belongs to the category of light 

physical work according to GOST 12.1.005-88/98 with energy consumption of 630 kJ/h, 

DSN 3.6.042-99. The workshop premises refer to premises without obvious heat loss up 

to 84 kJ/m3∙h, because the units located in the open air are working in the process. For 

this category of work, the actual parameters of temperature, relative humidity, and air 

movement speed in the working area are acceptable from the accepted values of 

microclimatic conditions norms. 

The actual parameters of the meteorological data comply with the norms and are 

ensured by the following measures: 

1) in the cold season, by heating the premises with batteries with a coolant with water 

heated to t = 160 °C ± 50 °C; 

2) in the warm time of the year, general ventilation through the upper openings of 

the windows, through the door; 

3) protection from sources of thermal radiation. At the same time, the temperature 

of the air in the room and the thermal radiation of the workers are reduced. To do this, we 

install screens in the area of the heated surfaces of the furnace, made of refractory bricks. 

In those cases when the use of screens is excluded, we eliminate excess heat in the shop 

with the help of air showers. MPC is 6 m2/m3. 
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5.4.2. Production noise 

The source of noise at the enterprise where the rotary kiln is installed is: 

• drive electric motors; 

• gears; 

• reducer; 

• noise in the bearings; 

• air conditioners; 

• supporting rollers. 

In the source, the noise reaches 99-104 dB, and in the control cabin, due to 

insulation, it is 50-60 dB. 

We take the following measures to combat it: 

• we apply balancing of the rotating parts of the furnace; 

• we apply lubrication of all friction parts and laying materials; 

• install protective reinforced casings; 

• install noise-absorbing glass in the windows of the control cabin; 

• cabin walls are insulated with foamed polystyrene concrete; 

• use shock absorbers. 

5.4.3. Vibration. 

The sources of vibration in this case are electric motors and rotating parts of the 

furnace. Amplification of vibration occurs due to inaccuracy in the installation of rotating 

parts; due to the loose connection of the housings of the rotating parts to the foundation. 

In this case, there is a general vibration transmitted through the support to the operator. 

The worker is less exposed to vibration because he is far from the furnace supports. It is 

located behind the control panel, so the general vibration does not affect it specifically. 

The following measures are taken to reduce vibration: 

• vibration of low and medium frequencies is mainly observed; therefore, we accept 

hard, metal based on aluminum and copper coverings of gearbox housings; 

• use oil baths; 

• vibration damping, which is carried out due to the installation of aggregates on the 

foundation; 

• we use additional stiffeners. 
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The total time of work in contact with vibration does not exceed 2/3 of the work 

shift, which corresponds to DSN 3.3.6.039-99. 

The duration of a one-time non-stop exposure to vibrations does not exceed 15-20 

minutes, and with this regime, the lunch break is at least 40 minutes. 

5.4.4. Danger of impact from moving and rotating parts of the furnace 

Rotating mechanisms are: gears, crown and sub-crown gears, roller supports, idler 

rollers, clutches. These mechanisms are dangerous because mechanical injuries can be 

inflicted and can cause human death. Fences are installed to prevent injuries. 

For fencing, we use screens welded from vines in the form of lattices. 

The rotating mechanisms of engines and clutches are installed in fixed casings. The 

crown gear is covered with a special casing. 

Emergency devices, water stops, switches are provided for emergency shutdown of 

the furnace, and emergency buttons are provided on the control panel. 

The worker is provided with personal protective equipment, such as an apron and 

protective gloves, and must not remove the protective guard. 

5.4.5. Electrical safety 

According to the PUE, the premises of the designed workshop are particularly 

dangerous, because the kilns are mainly located in the open air and are exposed to 

atmospheric precipitation. In addition, due to the existing technological process, vapors, 

gas, and dust are released, which have a destructive effect on current-carrying parts and 

electrical equipment. 

We use a four-wire network because it is impossible to ensure good insulation of the 

wires due to moisture and other factors. It is characterized by the following indicators: 

U=220/380 V, f=50Hz with a solidly grounded neutral. 

The main causes of electric shock are as follows: 

• accidental touch of approaching to a dangerous distance to current-carrying parts 

that are under voltage; 

• appearance of voltage on metal structural parts of electrical equipment - housings, 

casings, etc. - as a result of insulation damage and other reasons; 

• appearance of voltage on disconnected current-carrying parts, on which people 

work, as a result of erroneous switching on of the installation; 
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• occurrence of a step voltage on the surface of the earth as a result of shorting the 

wire to the ground. 

To protect against electric shock, the following is provided: 

• ensuring the inaccessibility of live parts for accidental contact by means of 

insulation of current-carrying parts; 

• electrical division of the network into separate electrical, non-connected areas 

using special transformers; 

• elimination of the danger of failure with the appearance of voltage on the housings, 

casings and other parts of electrical equipment, which is achieved by applying low 

voltages, equalizing the potential, protective zeroing; 

• the insulation of current-carrying parts of the electrical installation is provided by 

double insulation, the insulation resistance is equal to 0.5 mΩ; 

• power supply of hand tools and portable lamps with a voltage not higher than 42V; 

• protective equipment up to 1000V - dielectric gloves, tools with insulated handles, 

voltage and current indicators. 

Protective reset 

The task of zeroing consists in eliminating the danger of electric shock to people 

when shorted to the case. 

Zeroing is applied in the case of using a three-phase four-wire network with a voltage 

of up to 1000 V with a blindly grounded neutral. 

The principle of operation of zeroing is the transformation of a short circuit to the 

body into a single-phase short circuit, that is, a short circuit between the phase and neutral 

conductor in order to create a large current capable of ensuring the protection is triggered 

and thereby automatically disconnecting the damaged installation from the power supply 

network. Such protection is fuses or fuses, automatic switches installed in front of energy 

consumers to protect against short-circuit currents. 

5.5. Calculation of artificial lighting 

The stove control panel is located in a room with mixed lighting: natural - lateral; 

artificial - with the help of incandescent lamps. 

Norm of illumination Enor = 200 lx. Because the smallest object of distinction is the 

risk on the scale of the measuring device (its width is 0.5, height is 3 mm). To ensure the 
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normal operation of the operator, it is necessary to calculate the artificial lighting. 

The area occupied by the premises is 80 m2. 

Room dimensions: length - 10 m; width - 8 m; height - 5 m. 

The required luminous flux of the lamp is 2666 lm. 

Knowing the luminous flux, we select low-pressure fluorescent lamps of the LHB 

40 type, in which the luminous flux is equal to 3000 lm. 

Actual illumination is 150 lm. 

We choose a ceiling lamp of the LPO 01-04 series with super-penetrating sidewalls, 

in which two LHB lamps are installed. 

5.6. Fire Security 

During the operation of the furnace, the following are flammable: wooden furniture, 

electrical wiring, office equipment. 

A fire may occur during operation of the furnace for the following reasons: 

• faulty equipment (short circuit, overload, large transition resistances); 

• self-ignition of oiled material; 

• wear and corrosion of equipment; 

• equipment repair on the go. 

According to ONTP 24-86, the production belongs to category "B" of fire hazard. 

According to the degree of fire resistance, it belongs to the 1st degree. For buildings of 

this degree of fire resistance, it is necessary that the fire resistance limit of load-bearing 

walls, walls of stairwells, columns is not less than 2.5h, landings less than 1h, external 

walls made of hinged panels, partitions and coatings not less than 0.5h. Fire doors, 

windows and gates in fire walls must have a fire resistance limit of at least 1.2 h. 

In accordance with Snip 2.09.02-85, the number of evacuations exits from buildings 

and premises is at least two. The width of the sections of the escape routes is 1 m, and the 

doors on the escape routes are 0.8 m. The width of the external doors of the stairwells is 

equal to the width of the flight of stairs. 

For extinguishing fires, manual carbon dioxide fire extinguishers OU-8 (4 pcs.) are 

provided. 

There is a fire alarm system in the room - thermal fire detectors. Information from 

them is sent to the general workshop station. Fire shields and sand boxes are also 
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provided. 

According to SN 305-74, the premises are equipped with lightning rods that protect 

against direct lightning strikes. 

According to the PUE at the cement plant, the electricity consumers of the 

production shop belong to the 1st category of power supply reliability. 

5.7. Environmental protection 

The sources of environmental pollution are clinker dust contained in the exhaust 

gases. 

To reduce the concentration of dust in the exhaust gases and to reduce the harmful 

effects of dust on the environment before being released into the atmosphere, the exhaust 

gases pass through a dust settling chamber, after which the purified gases are released 

into the atmosphere. 

A sanitary protection zone planted with trees and shrubs has been created around the 

enterprise. 
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6 SCHEMES OF THE MODERNIZATIONS OF THE ROTARY KILN 

6.1 Development of the 3D model for the unmodernized and modernized rotary 

kiln 

6.1.1 Description of the AutoLISP program 

At present, the most popular means of automating design in mechanical engineering 

is the AutoCAD graphic system of the company "Autodesk" (USA). AutoCAD allows 

designers to create geometric models on a plane and in three-dimensional space. In each 

new version of the system, more and more powerful tools for modeling in space appear. 

But initially, the main purpose of the system was the automation of drawing and graphic 

works [36]. Since the AutoCAD system also implements the second method of 

automating drawing and graphic works - graphic programming, in these cases (when 

using it) the effect of using AutoCAD can increase by several orders of magnitude. The 

graphical programming language in AutoCAD is the AutoLISP functional language. 

Obtaining drawings with the use of graphics programs is significantly different from 

working with both an electronic and a conventional Cullman. It is possible to achieve that 

the designer does not have to draw at all. The program can ask the designer to answer 

some questions, for example, enter the version number, the value of the basic dimensions, 

the designation of the material, characteristic dimensions, and the program will do the 

rest automatically. A graphic program can reduce the designer's work time several times, 

and even tens of times (depending on the drawing), but for this it is necessary that 

someone first write this program in AutoLISP, spending a lot of time on it, much more 

than that time, which would have been spent on making this drawing using a graphics 

editor. 

Thus, graphic programming gives an effect in those cases when a large number of 

objects of the same type are designed in the design department, which differ in size values 

and (within predetermined limits) execution options. The possibilities of the AutoLISP 

language are not limited to the creation of programs for the automatic production of 

drawings, they are much broader. AutoLISP is the main means of extending the AutoCAD 

system and developing specialized design systems based on it, oriented to a specific user 

or group of users. At the same time, AutoLISP is supplemented with a language for 

creating custom menus and a language for creating your own Symbolic notations, fonts, 
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and hatching types. Recently, the development of systems for the execution of so-called 

parameterized drawings, that is, drawings in which the dimensions are indicated by 

symbols, which are the parameters of the drawing, have been developed. 

The possibilities of the AutoLISP language are not limited to the creation of 

programs for the automatic production of drawings, they are much broader. AutoLISP is 

the main means of extending the AutoCAD system and developing specialized design 

systems based on it, oriented to a specific user or group of users. At the same time, 

AutoLISP is supplemented with a language for creating custom menus and a language for 

creating your own Symbolic notations, fonts, and hatching types. Recently, the 

development of systems for the execution of so-called parameterized drawings, that is, 

drawings in which the dimensions are indicated by symbols, which are the parameters of 

the drawing, have been developed. The purpose of this work is to develop software for 

the automated design of a body part based on parameterized drawings of this part. The 

developed system is designed to perform the specified drawings using an interactive input 

mode. The system is based on the AutoCAD graphics package using programs and 

functions written in the AutoLISP functional language. It is a multi-level window 

structure designed for prompt input or adjustment of parameters and execution of part 

drawing. 

6.1.2 Structure of the system 

The developed system provides an opportunity to perform parameterized drawings 

by specifying parameter values or by adjusting them. Entering and correcting the 

specified information is carried out in interactive mode using the on-screen and drop-

down menus of AutoCAD, as well as from the graphic editor environment. Input of 

numerical values is carried out from the screen and prompt lines. The system is in the 

DIAL directory, which can be located on any logical disk in the root directory. The DIAL 

directory should contain the files "Dial.dcl", "Dial.lsp", which contain the programs. In 

addition, the directory also contains the following files: "DETAL.sld", "danPr4.txt". 

The file "Dial.dcl" is used to describe the format of the dialog, the file "Dial.lsp" 

contains the AutoLISP program of the same name for performing the drawing of the part 

image, the file "DETAL.sld" is used to create the graphics of the DCL dialog interface 

that is displayed, and the file "danPr4" is used to record each data input from the DCL 
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dialog. 

6.1.3 Structure of the program 

The programs use the following subroutines to perform certain functions [40-41]:  

1) (Vvod_razm) - input of standard output data into the main program; 2) (dial) – 

call a dialog box; 3) (vrad) – conversion of the angle from degrees to radians; 4) (otp) – 

returns the coordinates of a point located between two specified points at a distance 

expressed as a percentage of the value of the segment between the two starting points; 5) 

(sp) – returns the coordinates of a point, symmetrically given point relative to the 

horizontal line that passes through the base point; 6) (ramka) – the subroutine performs 

the drawing of the frame and drawing stamp; 7) (raschet) – calculation of all points 

necessary for drawing;8) (kreslen) - construction of the main construction drawing; 9) 

(HATCH_AND_Sizes) – construction of sizes and hatching; 10) (vid_a) - construction 

of view A;11) (vipoln_7d) – construction of a solid part. 

When running the commands of the drawing program in AutoCAD, it is executed 

according to Fig.6.1. 

 

Fig.6.1 The 2D/3D drawing flow chart. 
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6.1.4 Calculation scheme 

The calculation scheme of the drive shaft is shown in Fig.6.2. According to the 

specified points, a program was developed in the functional language AutoLISP, which 

is given in Appendix A. 

 

Fig.6.2 The calculation scheme of the drive shaft. 

When starting the program, by entering *dial* in the command line, the following 

dialog box in Fig.6.3. If the parameters are entered correctly, a dialog box with the 

message “No data entry errors found” will appear on the screen, and the "Ok" key will be 

active. If the entered values are greater than the permissible value and are not valid, a 

dialog box with a corresponding message will appear, like “Incorrectly entered D1 = 45 

or D3 = 40. According to the conditions (D3>D1)”. Buttons for execution of drawings – 

2D and 3D, as well as the button to exit the program as shown in Fig.6.3. 

 

Fig.6.3 The calculation scheme of dialog. 
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All parameters that are available for input must be entered considering the 

dependencies among themselves, according to the table of dependencies of the output 

data. 2D drawing of the part is shown in Fig.6.4(a) and 3D drawing of the part is shown 

in Fig.6.4(b). 

 

Fig.6.4 2D / 3D drawing of the part. 

After pressing the *2D* button, the program for the 2D drawing, according to the 

specified dimensions, is launched. When you press the *3D* button, the drawing of the 

solid model of the part in 3D format is performed. In the process of execution, the 

dimensions of the drawing frame are determined, and the user is prompted to enter a base 

point, which will be the origin of the coordinates for the execution of the drawing.  

 

Fig.6.5 The property of 3D drawing of the part. 
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The program automatically limits the minimum values of dimensions and corrects 

the ratio of dimensions if they are violated after data entry. When executing the solid 

model of the part, the calculation of the structure of the part is also carried out and the 

data on it is recorded in the file "DIAL _sol.mpr", as shown in Fig.6.5. 

6.1.5 Description and application of the Vesna system 

The Department of HPSM at the National Technical University of Ukraine "Igor 

Sikorsky Kyiv Polytechnic Institute" developed an integrated system called VESNA to 

simulate thermal and fluid dynamics processes and perform strength calculations using 

the finite element method (FEM). The linear and nonlinear deformation processes of the 

spatial combination system made up of isotropic and anisotropic materials are considered 

by the VESNA system. Additionally, VESNA is employed to model the stress and strain 

state of the structure impacted by an external force and an uneven temperature field, the 

general relationship of deformable solid mechanics is used. In this study, 3D models of 

unmodernized and modernized rotary kiln units were created using the VESNA system 

to simulate the temperature field, thermal deformation and displacement, and thermal 

stresses when the height of the lining of the rotary kiln was 230 mm, 180 mm, 130 mm, 

and 80 mm. 

To verify the VESNA system used for the simulation of the temperature field, 

thermal deformation and displacement, and thermal stress of the rotary kiln, at the same 

time, this paper also carried out a simultaneous verification on the 4×60 m rotary kiln 

with the riding ring of the Kryvyirig cement plant based on the same thermal load.  

During the long-term operation of the rotary kiln, the cross-section of the shell will 

undergo different degrees of axial distortion and transverse distortion, usually depending 

on the weight of the rotary kiln unit itself and the thickness of the shell. At the same time, 

some processed raw materials adhere to the lining of the sintering zone of the rotary kiln, 

it is called "coating". On the one hand, it is the inevitable result of underutilization of raw 

materials. On the other hand, "coating" also acts as a protective layer to protect the lining 

from high temperature and wear. The self-weight of the rotary kiln mainly comes from 

the self-weight of the shell, lining, riding ring and driving gear, and the proportion of the 

raw material is very small, so the self-weight of the raw material is usually not considered 

in the calculation. Since the longitudinal sole of the rotary kiln is about 3-4% when it is 
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installed, when determining the force acting on the rotary kiln, the influence of its 

longitudinal slope on the magnitude of the force is usually not considered because it is 

insignificant. 

The structural elements of the rotary kiln include the shell, the inner lining, the riding 

ring, the bandage, and the insulation material block of the lining and insulation layers on 

both sides of the riding ring after modernization, as shown in Fig.6.6. 

 

a the shell of the rotary kiln. 
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b the lining of the rotary kiln. 

 

c the riding ring of the rotary kiln. 

Fig.6.6. The structural elements of the rotary kiln. 

6.2 calculations of the of the unmodernized rotary kiln 

When using the VESNA system to simulate the temperature field, thermal 

deformation and displacement, and thermal stress of the rotary kiln unit, the 

selection of the physical properties and mechanical properties of the lining must be 

carefully considered. To determine the temperature field, thermal deformation, 

displacement, and thermal stress, it is necessary to understand the relevant physical 

properties and mechanical properties of materials, the main ones are Young's 

modulus, Poisson's ratio, thermal expansion coefficient, thermal conductivity 

coefficient, specific heat capacity, etc., as shown in Table 4.1. 

When calculating the strength of the rotary kiln unit, the thermal deformation 

and displacement of the lining are important. Due to the thermal expansion of the 

refractory, it is subjected to significant loads, which can lead to (insufficient 

thermal joint width) brick chipping and loss of the entire backing ring. In most 

cases, cracks and deformations increase when the lining is heated or cooled. The  

occurrence and development of this phenomenon is very complex because it is 

affected by many factors, including: the value of the thermal expansion coefficient, 
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the temperature value and its distribution in the lining, the number of integrations, 

heating and cooling, and the rate of temperature change, The thickness of the joints 

between bricks and many other factors. The nature of the effects of all these factors 

on the lining expansion process can be very diverse, and the individual effects are 

often combined and interdependent.  

Fragments of the rotary kiln are applied along a longitudinal section. Elements 

of the rotary kiln are numbered from the end with the riding ring, have a name 

starting with K (the shell), F (the lining), T (the insulation material), P (the bandage), 

B (the riding ring), and Z (the support device). 

6.2.1 Selection of the solution scheme 

The effectiveness of the finite element method used in the calculation of this 

problem depends on the size of the stiffness matrix and the width of its tape. These 

values are determined by the number and numbering order of nodes of the grid area, 

which represents the structure under study. The structure under consideration is 

symmetrical, therefore, to minimize machine time and the size of the stiffness 

matrix, it is necessary to consider only half of the product obtained by dividing it 

by the vertical plane of symmetry. At the same time, connections perpendicular to 

this direction are established in finite elements located in the plane of symmetry. 

Considering that the design of the rotary furnace body consists of a cylindrical shell, 

a band, and a crown gear, we model it with several fragments, which are connected 

to each other and occupy the entire volume of the studied structure. 

 

Fig.6.7 The calculation scheme. 

Fig.6.7 shows the general view of this section and the location of the global 

and local coordinate systems (due to the symmetry of the object under study, only 
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half of the product is modeled). 

The structure is modeled by the following fragments, where j = 1, 2 and 3, i = 

1, 2, 3, 4, 5 and 6. 

Fragments of the shell: 000_Kj_K, 015_Kj_K, 030_Kj_K, ∙∙∙, 960_Kj_K, 

975_Kj_K and 990_Kj_K. 

Fragments of the lining: 000_Fi_K, 015_Fi_K, 030_Fi_K, ∙∙∙, 960_Fi_K, 

975_Fi_K and 990_Fi_K. 

Fragments of the bandage: 000_Pj_K, 015_Pj_K, 030_Pj_K, ∙∙∙, 150_Pj_K, 

165_Pj_K and 180_Pj_K. 

Fragments of the riding ring: 000_Bj_K, 015_Bj_K, 030_Bj_K. 

Fragments of the support device: 000_Zj_K, 015_Zj_K, 030_Zj_K. 

A calculation model of the rotary kiln 4x60m was developed, which was 

calculated using the Vesna system, the calculation scheme of the rotary kiln is 

shown in Fig.6.7. The results of the temperature field and thermal expansion of the 

unmodernized rotary kiln, which includes the shell expanding radially and 

longitudinally, with the deformation coefficient K = 1000 and height of the lining 

is 230mm, are shown in Fig.6.8. 

  

a the temperature field. b the thermal expansion. 

 

c the temperature change of the lining during lining wear. 
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d the temperature change of the shell during lining wear. 

Fig.6.8 The temperature field and thermal expansion before modernization of the 

rotary kiln unit. 

Due to the different distances from the inner surface of the lining to the outer surface 

of the shell, to the outer surface of the bandage, and to the outer surface of the riding ring, 

resulting in the corresponding thermal resistances are also different. Under the condition 

of the same initial temperature and the lining height, the temperature of the outer surface 

of the shell is the largest, followed by the temperature of the outer surface of the bandage, 

and the temperature of the outer surface of the riding ring is the smallest, as shown in 

Fig.6.8(a). Because the temperature difference brings different degrees of thermal 

expansion, as shown in Fig.6.8(b). The largest thermal expansion is the shell area which 

isn't covered by both the bandage and riding ring, while the smallest thermal expansion 

is the riding ring area, which causes the shell area uncovered by the bandage and riding 

ring to "bulge", and the thermal expansion of the shell covered by the bandage and riding 

ring is greater than the thermal expansion of the bandage and riding ring, resulting in 

“wasting" here. Thus, the higher the thermal stress, the closer to the riding ring. Therefore, 

the rotary kiln is prone to breakage in this area. The thermal stress distribution and thermal 

displacement change before modernization of the rotary kiln unit are shown in Fig.6.9 

and Fig.6.10. 

   

G11 G22 G33 

Fig.6.9 The thermal stress before modernization of the rotary kiln unit. 
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U1 U2 U3 

Fig.6.10 The thermal displacement before modernization of the rotary kiln unit. 

6.3 calculations of the of the modernized rotary kiln 

Due to the introduction of the insulation material block in the lining and the insulation layer 

on both sides of the riding ring, the fragments for making the lining and the insulation material 

block are slightly different. The structure is modeled by the following fragments, where i = 1, 2, 

3, 4, and 5. 

Fragments of the lining: 000_Fi_K, 015_Fi_K, 030_Fi_K, ∙∙∙, 960_Fi_K, 975_Fi_K and 

990_Fi_K. Fragments of the insulation material block: 000_T_K, 015_T_K, 030_T_K, ∙∙∙, 

960_T_K, 975_T_K and 990_T_K. 

At the same time, fragment of the riding ring 030_B3_K was set to insulation layer. 

The results of the temperature field and thermal expansion of the modernized rotary kiln, 

which includes the shell expanding radially and longitudinally, with the deformation coefficient 

K = 1000 and height of the lining is 230mm, are shown in Fig.6.11. 

  

a the temperature field. b the thermal expansion.  
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c the temperature change of the lining during lining wear. 

 

d the temperature change of the shell during lining wear. 

Fig.6.11 The temperature field and thermal expansion after modernization of the 

rotary kiln unit. 

The thermal stress distribution and thermal displacement change after modernization 

of the rotary kiln unit. are shown in Fig.6.12 and Fig.6.13. 

   

G11 G22 G33 

Fig.6.12 The thermal stress after modernization of the rotary kiln unit. 

   

U1 U2 U3 

Fig.6.13 The thermal displacement after modernization of the rotary kiln unit. 

6.4 confirmation of the performance of the modernized rotary kiln 

When there is no insulation material block in the lining and insulation layer on both 

sides of the riding ring, the thermal expansion of the rotary kiln unit is more obvious, as 

shown in Fig.6.8(b). After modernization of the rotary kiln unit, the thermal expansion of 

the rotary kiln unit can be effectively reduced, as shown in Fig.6.11(b). The thermal 

expansion depends mainly on the linear expansion coefficient of the material and the 

temperature, while the linear expansion coefficient of the shell is greater than that of the 
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lining, so the thermal expansion of the shell will exert a huge pressure on the lining. 

The axial distortion as shown in Fig.6.10(U1) and Fig.6.13(U1), and transverse 

distortion as shown in Fig.6.10(U2, U3) and Fig.6.13(U2, U3) of the rotary kiln unit are 

caused by its own gravity. Axial distortion – the tendency of the rotary kiln to sag between 

two successive support devices, while the transverse distortion – the tendency of the 

rotary kiln to flatten, mainly in the vicinity of the riding ring. 

After introducing insulation materials block into the lining and applying insulation 

layer on both sides of the riding ring, the axial distortion and transverse distortion of the 

rotary kiln unit are reduced, at the same time the thermal stress of the rotary kiln unit, 

which occurs primarily in the area near the ride ring, also is reduced comparing the rotary 

kiln unit before modernization as shown in Fig.6.9(G11, G22 and G33) and Fig.6.12(G11, 

G22 and G33). 

The thermal insulation performance of the rotary kiln can be effectively improved 

by modernization of the rotary kiln unit. Compared with the rotary kiln without insulation 

materials, the temperature of the inner surface of the lining is higher and the temperature 

of the outer surface of the shell is lower, as shown in Fig.6.11(c) and Fig.6.11(d). 

As the lining wears from 230mm to 80mm, the temperature of the lining gradually 

decreases, while the temperature of the shell gradually increases, which means that the 

thermal insulation performance of the rotary kiln unit is weakened. When the rotary kiln 

unit is modernized, the thermal resistance of the rotary kiln unit increases, as shown in 

the Fig.4.4, the ability of the lining temperature to decrease and the shell temperature to 

rise is weakened, thereby improving the thermal insulation performance of the rotary kiln 

unit. 

After modernization of the rotary kiln unit, the temperature field, thermal 

deformation and displacement, and thermal stress have changed significantly, which 

shows that the modernization of the rotary kiln unit can greatly improve the thermal 

performance and mechanical performance of the rotary kiln unit. 

6.5 Analysis of the reliability of the results 

6.5.1 Analysis of the temperature 

The relationship between the average temperature of the inner surface of the lining 

and wear of the lining is shown in Fig.6.14. With the wear of the lining, the average 
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temperature of the inner surface of the lining decreases. When the lining thickness is 

230mm (unworn), the average temperature of the inner surface of the lining is 1446.59 °C, 

and when the lining is worn to 80mm (after wearing), the average temperature of the inner 

surface of the lining drops to 1092.65 °C. However, after modernization of the rotary kiln 

unit, the average temperature of the inner surface of the lining is 1494.30 °C when it is 

not worn, and 1312.36 °C when the lining is worn to 80mm. 

 

Fig.6.14 The average temperature of the inner surface of the lining. 

The relationship between the average temperature of the outer surface of the shell 

and wear of the lining is shown in Fig.6.15.  

 

Fig.6.15 The average temperature of the outer surface of the shell. 
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The average temperature of the shell's outer surface rises as the lining wears. When 

the lining thickness is 230mm (unworn), the average temperature of the shell's outer 

surface is 281.34° C; when the lining is worn to 80mm (after wear), the average 

temperature of the shell's outer surface is 385.50° C. The average temperature of the outer 

surface of the shell after modernization of the rotary kiln unit is 233.98° C when the lining 

is not worn, and 384.77° C after the lining is worn to 80mm. 

Heat flux is defined as the heat energy moving through a unit area in a directed 

vector. The greater the heat flux, the more heat energy moves through a unit area. If the 

average heat flux on the inner surface of the lining is greater in the rotary kiln unit, it 

signifies that more heat energy passes through the lining, resulting in poor thermal 

performance and excessive energy consumption of the rotary kiln unit. 

The relationship between the average heat flux of the inner surface of the lining and 

wear of the refractory brick is shown in Fig.6.16.  

 

Fig.6.16 The average heat flux of the inner surface of the lining. 

Before modernization of the rotary kiln unit, the average heat flux on the inner 

surface of the lining is 6523.24 W/m2 when the height of the lining is 230mm, and the 

average heat flux on the inner surface of the lining is 13319.51 W/m2 when the height of 

the lining is 80mm. After modernization of the rotary kiln unit, the heat flux on the inner 

surface of the lining has been greatly reduced, respectively 4787.50 W/m2 and 6697.71 

W/m2. 

The riding rings, which provide a surface for the rotary kiln load to be distributed, 
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help in supporting the shell of the rotary kiln. The riding ring plays a vital role in the long-

term operation of the rotary kiln, and the fracture of the rotary kiln unit usually occurs 

near the riding ring, so it is necessary to study the reliability of the riding ring. 

Because the temperature field in the cross-section of the riding ring without 

insulation layer is more uneven as shown in Fig.6.17(b), which reduces its bearing 

capacity to a certain extent. Therefore, the patent F27B 7/22 No. 107294 introduce 

removable insulation layer to both sides of the riding ring, which can reduce the 

unevenness of the temperature field in the cross-section of the riding ring as shown in 

Fig.6.17(a), improve its load-bearing capacity to a certain extent, reduce the thermal stress 

of the shell and bandage near the riding ring, which can effectively reduce the chance of 

fracture of the rotary kiln unit here and extend the service life of the rotary kiln unit. 

Although the temperature of the outer surface of the ring has increased since the 

introduction of the insulation, this is within acceptable limits. 

  

a. After modernization of the rotary 

kiln unit. 

b. before modernization of the rotary kiln 

unit. 

Fig.6.17 The temperature distribution of the riding ring. 

6.5.2 Analysis of the thermal stress 

After analyzing the influence of lining wear on the temperature distribution of the 

rotary kiln unit, it is also essential to calculate the mechanical strength of the rotary kiln 

unit. The mechanical strength calculation is performed considering the thermal force 

loads from the temperature gradient and the action of mass forces. As can be seen in 

Fig.6.18 that the larger thermal stresses in the shell of the rotary kiln are mainly 

concentrated around the riding ring area. After the introduction of insulation material 

block in the lining and application of the insulation layer on both sides of the riding ring, 

there is a significant reduction in the thermal stress in its shell as shown in Fig.6.18(a), 
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average thermal stress in the shell reduced by 48.31%. The maximum thermal stresses in 

the shell are 56.30MPa(a) and 77.74MPa(b), in this paper, the permissible stress for shell 

is 65 MPa. Therefore, in the absence of insulation material block in the lining, the thermal 

stresses generated by the shell under high temperature conditions are already greater than 

their own permissible stresses near the riding ring area, and thus failure problems can 

occur here, leading to shell fracture. 

 

a. After modernization of the rotary kiln unit. 

 

b. Before modernization of the rotary kiln unit. 

Fig.6.18 The thermal stress of the shell(230mm). 

At the same time, the thermal stress distribution in the lining of the rotary kiln is like 

that of the shell, as shown in Fig.6.19. After modernization of the rotary kiln unit, there 

is a significant reduction in the thermal stress in its lining as shown in Fig.6.19(a), average 

thermal stress in the lining reduced by 36.53%. The maximum thermal stresses in the 

lining are 31.50MPa(a) and 19.90MPa(b), in this paper, the permissible stress for the 

lining is 35 MPa. 
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a. After modernization of the rotary kiln unit. 

 

b. Before modernization of the rotary kiln unit. 

Fig.6.19 The thermal stress of the lining(230mm). 

The thermal stress in the riding ring as shown in Fig.6.20, the maximum thermal 

stresses in the riding ring are 42.91MPa(a) and 68.69MPa(b), the permissible stress for 

the riding ring is 65 MPa, because both the shell and riding ring are made of the same 

material. As can be seen that the maximum thermal stresses in the riding ring is beyond 

the permissible stresses, thus riding rings may fail themselves due to the high thermal 

stress before modernization of the rotary kiln. 

 

a. After modernization of the rotary kiln unit. 



 

 
97 

 

 Роз. Цзен Дунху    

ЛП11м.123286.00-70ПЗ 

 

Лист 

 Пер. Щербина В.Ю   
 

Изм. Лист № докум Подпись Дата 

 

 

b. Before modernization of the rotary kiln unit. 

Fig.6.20 The thermal stress of the lining(230mm). 

6.6 Conclusions 

In this paper, with the help of the VESNA system, the effect of the rotary kiln unit 

on the thermal efficiency, thermal expansion, and thermal stress of the rotary kiln unit 

due to lining wear before and after modernization is studied. The following conclusions 

can be drawn from this study. 

(1) The mathematical model and solution algorithm proposed in this paper can 

effectively perform a more complete simulation of the temperature field, thermal 

expansion, and thermal stress of the rotary kiln unit. 

(2) After the modernization of the rotary kiln unit, the thermal efficiency of the 

rotary kiln unit is increased by 26.61%, the average thermal stress of the lining is reduced 

by 36.47%, and the average thermal stress of the shell is reduced by 48.32% when the 

height of the lining is 230 mm, for example. 

(3) After the modernization of the rotary kiln unit, the improvement of thermal 

efficiency and the reduction of thermal expansion and thermal stress not only lowered the 

energy consumption rate and reduced carbon emissions, but also improved the safety 

factor of the rotary kiln in the operation process. 

(4) The modernization of the rotary kiln unit was only the introduction of insulation 

blocks in the lining and the application of removable insulation on both sides of the riding 

ring, without major design changes to the rotary kiln unit, which not only saved 

manufacturing costs but also provided the possibility of secondary modernization. 
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APPENDIX C 

Table.4.1 Division of the rotary kiln into zones. 

№ 

зо-

ни 

Температ

ура 

матеріалу 
Фізико-хімічні процеси 

Виділення 

пилу з 

матеріалу 

в % 

Присадка 

до 

матеріалу 

в % 

Втрат

и 

тепла 

в 

навк. 

середо

-вище 

'

мt  "

мt  

  

1 120

0 

130

0 

Нагрівання палива і повітря до 

темп. запал. 7000C. 

Охолодження клінкера.  

- - - 29,4 

2 130

0 

140

0 

Горіння палива. Охолодження 

клінкера. Застигання рідкої 

фази. 

- - - 54,6 

3 140

0 

130

0 

Горіння палива, утворення 20% 

рідкої фази, 75% С3S  

- - - 63 

4 950 600 Декарбонізація СаСО3-70%. 

Утворення С2S-80% 

40 - 15 252 

5 400 100 Випар води 1,6% 10 - 15 126 

6 100 10 Випар води 98,4% 40 50 25 63 
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Table.4.2 Material flows in cyclones. 

Назва Од. 

вим. 

I 

циклон 

II 

циклон 

III 

циклон 

IV 

циклон 

Пильна 

камера 

Оберт. 

піч 

Кількість пилу, 

який надходить з 

газами 

кг/кг 

кл  

1,1 1,0 0,778 0,26 - - 

Кількість пилу, 

який надходить з 

наступного 

циклону або 

бункеру 

сировинної шихти 

 1,84 2,65 2,556 2,334 - - 

Загальна кількість 

пилу, який 

надходить до 

циклону 

 2,94 3,65 3,334 2,594 - - 

Кількість яка осіла 

в циклоні 

 2,65 2,556 2,334 1,733 - - 

Кількість пилу, 

який виходить з 

циклону з газами 

 0,29 1,1 1,0 0,778 - - 
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Table.4.3 Heat balance. 

Приход тепла Витрати тепла 

Назва кДж/

кг 

кл. 

% Назва кДж/

кг 

кл. 

% 

Тепло від згорання палива 950 96,9 Теоретичне тепло 

клінкероутворення 

439,3 44,8 

Фізичне тепломісткість 

палива 

0,4 0,04 Втрата тепла на випал 

води 

9,4 0,96 

Тепломісткість сировини 14,5 1,46 Втрата тепла газами, які 

відходять  

240,3 24,5

5 

Тепломісткість повітря 15,8 1,6 Втрата тепла з уносом 21,1 2,15 

   Втрата тепла з 

клінкером 

18,8 1,9 

   Втрата тепла з повітрям, 

яке виходить з 

холодильника 

88,8 9,04 

   Втрата тепла у 

навколишнє 

середовище 

163 16,6 

 980,7 100  980,7 100 

 


