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Abstract

Production of many materials requires treatment at elevated temperatures. Calcination
and sintering are some of the important heat treatment procedures which are typically
performed in so-called rotary kilns. These, not very well-known treatment vessels, have
a significant impact on our everyday life. Our most common materials have direct con-
nection to the use of rotary kilns. Concrete − covering the vast 80 wt% of total material
production in the world − consists to a large part of cement produced in a rotary kiln.
Steel − by far the most produced metal − frequently starts its journey in a rotary kiln
in form of iron-ore pellets. Paper − another everyday life product − is dependent on
mineral lime that is typically calcinated in a rotary kiln. The importance of rotary kilns
in our society cannot be doubted.

The concept of a rotary kiln is rather simple. It consists of a thick cylinder-formed
steel casing that, due to high process temperatures, is insulated by a refractory lining.
Service conditions inside the rotary kiln are rough and the refractory lining is continuously
degrading, especially pronounced in the hot zone of the rotary kiln. If the lining is
significantly deteriorated and can no longer protect the casing from the heat − the
production is shut-down − leading to very high production losses.

Despite many improvements of rotary kilns in the past decades, there is still a gap in
the knowledge regarding refractory linings during usage. Many assumptions are based on
practical knowledge. One explanation to this could be the difficulty to study and observe
the lining due to the large sizes of rotary kilns and high operating temperatures. Today,
computers are of a great help for studying various issues without causing production
delays or risking failures. However, the field of rotary kilns has stagnated on this matter
and little documentation can be found regarding numerical simulations of the refractory
lining for rotary kilns, especially of the thermomechanical character.

The aim of this thesis work was to create a numerical model of a rotary kiln used
in iron-ore pelletizing for studying the mechanical and thermomechanical behaviour of
refractory brick lining. For this, a simplified finite element model (FEM) of a rotary kiln
was created and its trustworthiness verified. It was confirmed that the model gives a
good response. Different tips and justifications in the creation of the model of the rotary
kiln are given. Furthermore, some mechanical material tests were performed for data
input into the model. Various fundamental cases were studied in cold and hot states of
the rotary kiln. It was shown that critical situations affecting the brick lining could be
captured in a satisfactory way. The insight into the behaviour of the brick lining with
respect to various parameters opens possibilities for lowering risk of brick lining failure
by an improved management of the rotary kiln.
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Chapter 1

Introduction

1.1 Objective

Objective of this work is to create an efficient finite element model (FEM) of a rotary
kiln used in iron-ore pelletizing that could be utilized for studying refractory brick lining
for a better management of the rotary kiln and as support in decision making concerning
rotary kilns.

1.2 Background

For hundreds of years iron has been one of the most important materials for mankind. As
the main constituent in the alloy steel it has explicitly revolutionized the world through in-
dustrialization started in the 19th century. Today, steel is by far the most produced metal

Figure 1.1: Iron-ore pellets.

in the world − over 1600 million metric tons
of crude steel were produced in year 2016.
Approximately 70 % of that was manufac-
tured from extracted iron-ore, while the rest
was made from recycled steel [1, 2].

The most common way of producing
new iron is by reduction of iron-rich raw ma-
terials in a blast furnace [3]. The raw mate-
rials are delivered in form of either untreated
lump ore or pellets and fines, which are heat
treated products. Approximately 25 % of
the world’s mined iron-ore is converted into
pellets. In Sweden, the largest producer of
iron-ore in the European Union, nearly all extracted iron-ore ends up as pellets.

Pellets are porous balls (9-16 mm) rich in haematite (Fe2O3) containing some 70 wt%
iron [4], see Figure 1.1. The form and size of pellets create pockets in the blast furnace,
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4 Introduction

by that exposing large surface area to reduction atmosphere and making it more effective.
Also composition of pellets is manipulated during manufacture, making the process envi-
ronment in the blast furnace further enhanced. These properties affect the final quality
of steel and reduce coke consumption, and are the reasons why pellets are desired.

Manufacturing of iron-ore pellets is done in two, similar, ways: straight-grate and
grate-kiln processes [5]. In the straight-grate process, the raw pellets (green pellets)
are dried, sintered and cooled on a single line of travelling grates subjected to different
temperatures while it travels. In the grate-kiln technology, see Figure 1.2, the process
is split in three main sections. The green pellets are firstly dried on travelling grates,
continue for sintering in a rotary kiln and lastly cooled on a rotating annular cooler.

40 °C 400 °C 1000 °C

1300 °C

Straight grate Rotary kiln Annular cooler

sintered pellets 

1150 °C

cooling fans

recoup streams

UDD DDD TPH PH

Figure 1.2: Schematics of the grate-kiln process; UDD − up draft drying, DDD − down draft
drying, TPH − temperate preheat and PH − preheat zones.

The choice of process partly depends on e.g. type of available ore (magnetite (Fe3O4)
or haematite), type of fuel to be used (gas, oil or coal) and the end user (blast furnace
or direct reduction). Both manufacturing processes have their advantages. The straight-
grate technology is cheaper to set up, easier to maintain and more flexible since it has
several burners. The grate-kiln technology uses much less electrical power, has a higher
quality of fired pellets due to tumbling in the kiln, can combust solid fuels such as coal
and residence time of pellets in the different sections can be controlled separately [5].

As the title of this thesis suggests the interest of this work concerns rotary kilns.
The design, dimensions and material properties, when used, will refer to a specific rotary
kiln found in a grate-kiln process. However, the principles are applicable to any rotary
kiln.
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1.2.1 From ore to pellets

Before pellets are in their sintered form, the extracted iron-ore goes through processes of
sorting, concentration and pelletizing [6]. Firstly, unwanted rocks are removed by rough
screening, crushed into smaller fractions and separated by e.g. magnetic separation in
case of magnetite ores.

During concentration the ore is ground into fine powder and mixed with water in
order to be able to perform separation of impurities such as: silicon, phosphorus, sodium
and potassium. Later, some reagents may be added to the slurry (ore and water mixture)
for a further purification of the ore from minerals such as phosphorous or silicates in a
process called flotation. At this point the concentration of iron has been increased from
roughly 45 wt% to some 70 wt%. In the final stage of concentration various additives
(dolomite, quarzite, limestone and olivine) are added for enhanced reduction and better
process environment at the steel plant.

At the stage of pelletizing, the amount of water is reduced to some 10 wt% and
bentonite is added to the mass to act as a binder, whereupon the iron-ore concentrate is
rolled into raw pellets (also called green balls or green pellets) in large rotating balling
discs or drums. After this stage the raw pellets are ready for heat treatment in the
grate-kiln system.

Grate-kiln process

Regard Figure 1.2. Green pellets enter the straight-grate in a bed of ≈ 20 cm in thickness.
They pass through up draft drying (UDD) and down draft drying (DDD) zones for drying
with recycled hot air coming from the annular cooler, blown underneath and above the
pellets bed, respectively. After drying, the temperature of the pellets is further increased
in the temperate preheat (TPH) and preheat (PH) zones before entering the rotary
kiln for sintering. If magnetite ore is used, which is typical for the grate-kiln process,
oxidation of magnetite to haematite will occur on the straight-grate. At first, surface
oxidation starts below 400 ◦C and at last may be completed at around 900-1100 ◦C [7,8].
The oxidation is greatly exothermic, releasing around 2/3 of the required heat in the
grate-kiln process, making it attractive from an environmental point of view.

As the green pellets have been dried, oxidized and partially fused on the travelling-
grates, they continue directly into the rotary kiln where final firing is accomplished. At
this stage the pellets become hard and durable for transportation. It is important that
pellets are of good quality and only a limited amount of pellets is worn down to fines on
the arrival to the customer. If the oxidation has not been completed on the straight-grate,
it partially continues on the annular cooler during cooling. No or limited transformation
to haematite takes place in the rotary kiln due to low oxygen concentration. [8]



6 Introduction

1.2.2 Rotary kiln

Figure 1.3 illustrates a typical rotary kiln used in the grate-kiln process, see also Appendix
A showing a photography. It is a large refractory lined steel container which is slightly
inclined (2-4◦) and rotates about its axis (2-6 rpm). The slope and rotation make pellets
move through the kiln from feed to discharge end. The heat is commonly generated by
a single burner in the discharge end, typically by combustion of coal, oil or natural gas.
The power of the burner is some 35-80 MW and the temperature inside the rotary kiln
is typically around 1250 ◦C, but can locally be higher. The size of rotary kilns used
in the grate-kiln process is approximately between 30 to 45 m in length and 5-8 m in
diameter. The thickness of the casing is typically 50-100 mm depending on its diameter
and axial position (e.g. the casing is thicker at the position of the tyres). The kiln is
commonly resting on two pairs of support rollers. It is equipped with solid steel tyres
for stiffening purpose that are riding on the support rollers. Between the riding tyres
and the main body (the casing), filler pads are placed as sacrificial abrasion material.
The casing is most often freely placed in the tyre without any links (welded or bolted)
in-between. The inner part of the rotary kiln is commonly lined with a single layer of
refractory bricks. This is required for heat protection of the steel casing, surroundings
(such as sensible equipment and personnel), reduction of heat losses (lower operating
costs) and maintenance of a specific temperature. [9–12]

Brick lining Casing

Pads

Support roller

Riding tyre

Figure 1.3: Illustration of a short dry-kiln used in iron-ore pellets industry (true proportions).

Development of rotary kilns

The history of rotary kilns begins with the production of Portland cement clinker in the
end of the 19th century. Throughout the years of use, rotary kilns have been dramati-
cally improved in many areas, e.g. fuel, raw materials, refractory lining, quality control,
processing etc..

Rotary kilns can be subdivided into: wet process kilns, semi-dry process kilns, dry
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process kilns, pre-heater kilns and precalciner kilns. The differences lie primarily in the
moisture content of feed material and the way of heat exposure. Wet process kilns (40-45
% water content) are the longest (> 180 m) and least energy efficient kilns where drying,
pre-heating and calcination all occur in the kiln. However, the feed material tends to
be more uniform due to wet mixing. Semi-dry and dry process kilns are shorter than
wet process kilns due to a shorter drying zone, but are still rather energy inefficient.
Today, nearly all newly installed kilns are short, dry kilns accompanied by a pre-heater
or precalciner with an efficient heat reuse, as was demonstrated by the grate-kiln system
in Figure 1.2. The specific thermal energy consumption of this type of kiln plants is
about 50 and 75 % compared to that of old wet and dry process kilns, respectively. This
was a great milestone achieved for the kiln plants in the 70’s.

Along with the energy efficiency also production capacity of a single kiln has been
improved dramatically, from earliest 300 metric tons/day up to 20 000 metric tons/day
today. The use of many kilns with low capacity has been replaced by the use of few kilns
with high capacity thanks to a much higher reliability. To some of the improvements
can be counted the use of two support kilns with self aligned support rollers. The low
number of supports lowers the risk of misalignment of the kiln which is often responsible
for the wear problems of the rollers, tyres, gears etc. Furthermore, the kiln casing in
modern, newly installed kilns has different thickness in different zones, by this lowering
ovality of the kiln in sensible parts and allowing higher rotational speed. Flexible girth
gear fastening system was developed replacing bolted or welded systems. Better design
of chair pads lowers their wear and facilitates replacement. Design of burners has been
improved allowing better control of the length, width and direction of the flame. There
has been large development of the lining materials, especially for the hot zone of the kiln.
The lifetime of the earliest linings in hot zones did not exceed more than 10-15 days. Not
until in the 50’s/60’s the effective lifetime of the lining in hot zones reached 200 days in
some plants. Today, lifetime above 1000 days is common in some processes. Of course,
this is not due to the material development only but also thanks to an overall better
management of the kiln. There has been substantial improvements in the maintenance
techniques. Surface temperature of the casing, rollers and tyres, the lining and the
feed material is continuously monitored. The air gap between the tyre and the pads
is commonly monitored in order to avoid risk of seizure due to mismatched thermal
expansion. Vibration measurements are often performed in order to detect possible
issues in advance. Axial pressure exerted on the roller bearings is measured and eventual
misalignment can be adjusted. These are just some of the technological improvements
made through the years of use. [9, 10, 13,14]
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1.3 Motivation and research question

Rotary kiln is a central part of the grate-kiln process. Despite the many improvements,
the rotary kiln is always subjected to the risk of failure. Some factors, such as corrosion
and wear of components do usually not require immediate attention. Others are much
more critical. One of the most critical factors controlling availability of the rotary kiln
is the status of the refractory lining. Failure of the refractory lining, very often requires
immediate shut-down of the production. Unplanned shut-downs cause high production
losses and put company in a demanding situation. Due to the need of slow cooling and
repairing followed by slow heating of the rotary kiln, the process of maintenance is time
consuming (5-14 days). Since a single rotary kiln may be responsible for one-half of the
company’s production capacity, it is very important to minimize the risk of unplanned
shut-downs due to brick lining failure. Therefore, the main research question in this thesis
could be formulated as: ”Is it possible, by means of numerical simulations of rotary kiln
behaviour, to detect critical situations affecting the refractory brick lining and by that
minimize the risk of unplanned shut-downs due to brick lining failure?”

1.4 Scope and limitations

This work is focused on mechanical and thermomechanical aspects of the refractory brick
lining used in rotary kilns for iron-ore pelletizing.

The scope of this work can be divided in three parts: i) A large part of the work was
concerned with identification of problem parameters and creation of an effective finite
element model representative for rotary kilns. It was chosen to work on a global scale
for studying fundamental behaviour rather than on a local scale. Geometry of the rotary
kiln was limited to one specific rotary kiln. Furthermore, only a section of the rotary
kiln was studied due to limited computer resources. ii) Effect of various factors on the
stress state and behaviour of the brick lining were studied by means of finite element
simulations in cold and hot states. The presented work is limited to evaluation of the
mechanical state of the brick lining only. iii) Mechanical material tests were performed
at high temperature on some refractory bricks for an improved response of the model
and better understanding of the material’s behaviour. Due to the time-consuming high
temperature testing, the tests were limited by the number of samples, type of tests and
variety of brick grades.



Chapter 2

Materials and mechanical testing

2.1 Refractory materials

Refractory materials belong to the category of ceramics and can be defined as those
non-metallic materials that are chemically stable and retain their strength and form at
elevated temperatures. Commonly, ≈ 600 ◦C specifies the lowest temperature that a
refractory should be able to resist in a satisfactory way [15]. Refractories are typically
used for containment of hot materials, to retain process temperature and to protect
the surroundings from harsh process environment. Therefore, normally they have low
thermal conductivity and high heat capacity and function as thermal insulators, but
can also be manufactured and used for heat transport. Temperature tolerance is seldom
the sole requirement that has to be met. Tolerance to thermal shock, mechanical load,
resistance to corrosive media and wear are commonly required. In other cases properties
such as electrical resistance or electrical conduction are needed. [16]

The importance of refractories cannot be overestimated. Production of the most
common and essential materials for mankind is directly or indirectly dependent on the
ability to contain hot materials. Metals, cement, glass, paper and many other organic
and inorganic materials would be nearly impossible to produce without heat resistant
properties of refractories.

Refractories are usually made of a complex combination of high-melting crystalline ox-
ides. Their strength in compression is much higher than in tension, the modulus of
elasticity is in the order of one magnitude lower than that of steels and as all ceramics
they lack ductility at room temperature. However, refractories exhibit plastic deforma-
tion at high temperatures, but mechanisms of it, as well as mechanisms of heat and
electricity conduction, are in most cases not governed by the same principles as in metals
which, in contrast to ceramics, have abundance of free electrons and slip planes. Due to
the high variation of refractory compositions, they can be designed in order to tolerate a
wide variation of service conditions (basic/acidic, salts/metals, liquids/gases). However,

9



10 Materials and mechanical testing

refractories are seldom totally immune to one certain condition.
Refractories are rarely pore-free. Along with phase composition, porosity is a sig-

nificant factor to consider during the manufacture of refractory products. Reduction
in porosity increases strength, load-bearing capacity and corrosion resistance. On the
other hand typical characteristics of refractories, such as thermal shock resistance and
thermal insulation diminish with porosity reduction. By balancing porosity and phase
compositions a good combination of properties can be achieved for a specific service
condition.

2.1.1 Manufacture of refractories

Before refractory materials actually obtain their refractory properties, the raw materials
(clays and ores) used in their production need to be processed through a number of
steps, see Figure 2.1. This is usually firstly done by crushing and grinding the raw
materials into smaller particles followed by calcination. Calcination is a heat treatment
typically performed well below the melting point of the constituents in the material. The
purpose of the process is to bring thermal decomposition of the material, sometimes also
recrystallization and crystal growth. A common example of calcination is the one of
hydroxides, e.g. dehydration of gibbsite:

2Al(OH)3 → Al2O3 + 3H2O(g) (2.1)

Gibbsite is one of many natural resources to one of the most common constituents found
in refractory materials − aluminium oxide (alumina), Al2O3.

Other steps in the raw material processing can be size classification, analysis of the
material composition and drying. Followed after the raw material processing is batching.
This is done in order to correlate the defined (by size and composition) raw materials
to the desired final product and find out the needed mixture for that. Mixing of the
materials is an important step for the quality of the final product; this can be done by
dry or wet mixing. Processes following after the mixing step are dependent on the type
of products. Some of the products are unformed, then they may be ready to be packaged
directly after mixing, while others are further processed for agglomeration or forming.

Most of the refractory products are pre-shaped products, as in the case of bricks.
After mixing they are formed to a desired shape. This can be done in different ways
such as: uniaxial dry pressing, isostatic pressing, extrusion or even by hand. The formed
product, often called green form, is then dried or cured. The green forms can either be
further heat treated by firing them (burned products) or be left untreated (unburned
products), followed by eventual shaping and packaging. Firing is the process where
refractories obtain their refractory properties and involves formation of ceramic bonds.
However, at some stage, also the unburned refractories will create ceramic bonds, usually
after installation in their working environment.
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Raw material processing

Unformed refractories
(end product)

Green form

Burned
and formed

(end product)

Unburned
and formed

(end product)

Sintered grains

Fused cast refractory
Fused grains

(Shaping) (Shaping)

• Crushing/grinding
• Drying
• Calcination
• Size classification
• Composition analysis

• Agglomeration
• Drying
• Firing

• Drying
• Arc melting

• Forming

• Drying/curing

• Firing

• Batching and mixing

Figure 2.1: Schematic overview of the manufacturing steps of refractories.

2.1.2 Alumina-silica system

Refractories are seldom one-component products, they are usually mixtures of compounds
where one or two components are dominating. Most of the manufactured refractory
materials originate from aluminosilicate minerals where, after heat treatment, alumina
(Al2O3) and silica (SiO2) are the dominating constituents.

The main composition of aluminosilicate-based refractories can be presented by
alumina-silica (SiO2 − Al2O3) phase diagram, see Figure 2.2. According to their alu-
mina content different refractory classes are defined: silica, siliceous, siliceous fireclay,
fireclay and high-alumina classes of refractories. Among these, fireclay and high-alumina
categories are the most frequently used.

In rotary kilns for iron-ore pellets production typically high-alumina [17] refractories
in form of bricks are used as insulators. This category comprises additional sub-categories
which are named in accordance with their maximum amount of alumina content: 50 %,
60 %, 70 %, 80 %, 85 % and > 85 % high-alumina refractory groups. The reason
behind the classification is the content of alumina in their typical natural sources of raw
materials. Fireclays (e.g. kaolinite) contain commonly not more than 50 wt% of alumina,
while andalusite typically not more than 60 wt%. However, no natural mineral contains
more than roughly 85 wt% of alumina, therefore, higher concentrations require sintering
or calcination, typically of bauxite ores. Figure 2.2 presents some of the common raw
materials used for manufacturing of high-alumina refractories.
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Figure 2.2: Al2O3 − SiO2 phase diagram presenting phases formed in heat treated aluminosili-
cate refractories, also their classification and the typical raw material sources for high-alumina
refractories.

Refractories used in rotary kilns for iron-ore pellets production

Refractory bricks for rotary kilns in iron-ore pellets plants contain typically 50-80 wt%
of alumina and 15-40 wt% of silica. Also, small amount of flux (minor constituents):
haematite (Fe2O3), rutile (T iO2), burnt lime (CaO) and alkali oxides (K2O,Na2O),
that naturally exist in the raw materials, are present. The bricks are usually fired before
the use ( at ≈ 1350 ◦C [18]), after which, three dominating combinations of phases are
formed: 3/2-mullite (3Al2O3 · 2SiO2) together with cristobalite (a form of silica), α-
alumina (α − Al2O3, also called corundum) together with mullite, or mullite alone, see
Figure 2.2. Some part of the oxides is present in the amorphous phase, forming typically
10-20 wt% of glass.

2.1.3 Thermal fracture of refractories

Thermal fracture of refractories is of major concern for producers and users of refractory
products. The awareness of the subject was awakened in the late 60’s and is still today
not fully understood.

In general, there are two approaches to describe and battle thermal fracture of ceram-
ics: i) a thermoelastic approach for calculation of thermal stresses to avoid catastrophic
fracture initiation and ii) an energy balance approach for minimizing crack propagation.

The thermoelastic theory explains that resistance to crack initiation for brittle ma-
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terials could, e.g., be expressed by parameter R′
i:

R′
i = f

[
σf

E · α
(

k

ρ · Cp

)]
(2.2)

where σf is failure stress (typically tensile strength), E − modulus of elasticity, k −
thermal conductivity, α − thermal expansion coefficient, ρ − density and Cp − specific
heat capacity. The equation explains that in order to increase the resistance to crack
initiation of a material subjected to thermal gradient, it must have: high fracture strain
(σf/E), high thermal conductivity and low thermal expansion. [19]

The energy balance approach for brittle ceramics was first unified by Hasselman [20].
It ignores the importance of crack initiation and focuses on crack propagation, where
resistance to crack propagation, R′′

p, could be expressed as:

R′′
p =

E · γwof

σ2
f · (1− ν)

(2.3)

where γwof is work of fracture, ν − Poisson’s ratio.
As can be seen the two equations are contradicting each other, what is good for

resistance to crack initiation is bad for resistance to crack propagation. It is realised that
simultaneous maximization of resistance to crack initiation and crack propagation is not
possible.

It is, in general, accepted that fracture initiation is nearly impossible to avoid in re-
fractory materials. These are, due to the nature of manufacturing process, packed with
flaws and microcracks, while thermal gradient during service is large, typically several
hundred degrees. Furthermore, in order to improve resistance to crack initiation, only a
limited room for corrections exists. Thermal conductivity and heat capacity are proper-
ties that are directly connected with the important insulating properties of refractories,
these cannot be modified to a large degree. Strength and elastic modulus are typically
interconnected, increasing the first would increase the second and the total effect would
disappear. Additionally, increase of strength would in general require lowering of porosity,
which again, would have negative effect on the insulating properties of the refractories.
Lastly, thermal expansion is directed by the general chemistry of refractories and cannot
be drastically modified in any practical way.

If Griffith equation, σf = KIcY c−1/2, is incorporated into Equation 2.2, the equation
reveals dependency on microstructure:

R′
i = f

[
KIcY

E · αc1/2
(

k

ρ · Cp

)]
(2.4)

where KIc is the fracture toughness, Y − geometry term and c − flaw size parameter.
Fracture toughness of refractories is low, typically not more than 1.5 MNm−3/2, therefore
only small contribution can be made for the resistance to a thermal gradient. Reducing
the flaw size could be another way, however, due to the nature of refractory manufacturing
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process, it is merely impossible without reduction of insulating properties. In conclusion,
the method of avoiding crack initiation, in overall, is not a good approach for increasing
resistance to thermal damages in refractory materials. [21]

It is, for refractory materials, in most cases better to try to increase the resistance
to thermal crack propagation and accept that initiation of cracks will occur. In contrast
to R′

i, it could experimentally be shown that R′′
p was highly dependent on more than just

physical properties of the material. Some decades after the unified theory by Hasselman,
it was proven that microstructure played a considerable role in the work required to prop-
agate slowly growing cracks. Most importantly, in contrast to the flaw size dependency
for R′

i, it could be controlled in a much larger extend while the insulation properties of
the refractories could remain intact. Even later, the bridging effect was explained to be
the reason behind the increased resistance of crack propagation for certain refractories.

It is now known that in a refractory with an appropriate aggregate mixture and
containing a crack, the large aggregates tend to bridge over two halves of the crack, by
that resisting the crack opening and slowing down the crack propagation, see Figure
2.3. In other words, resistance to the crack propagation is to a large degree governed
by mechanisms behind the crack tip, in contrast to e.g. metals or dense ceramics. It
seems also that, at elevated temperatures, the glassy phase of refractories is responsible
for increased resistance to crack propagation too. With an increased temperature, but
before the glassy phase becomes too viscous, it can bridge over two halves of the crack,
leading to an increased resistance to crack opening and its propagation. [22–24]

C
M
O

Crack

G
ra
in

G
la
ss

Figure 2.3: Illustration of bridging effect in a crack by large agglomerates and glassy phase;
CMO − crack mouth opening.
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2.2 Material properties for FEM calculations and re-

sults of mechanical testing

2.2.1 Background

In this thesis work, three different high-alumina brick grades were encountered. They
were based on different natural resources: bauxite, andalusite and chamotte (mixture)
and contained approximately 80, 60 and 55 wt% of alumina, respectively. Here, however,
only a brief summary of the andalusite-based brick will be given, which was taken as the
main reference in the numerical calculations. Read more about the different bricks in
Paper B and D.

The trade name of the andalusite-based brick is Silox 60. The main chemical con-
stituents and some of the physical properties are collected in Table 2.1. Figure 2.4 shows
typical morphology of the brick. It is a brick of high porosity where mullite (� 60 wt%),
corundum (� 20 wt%) and andalusite (� 20 wt%) are the dominating phases. However,
there is also some 15 wt% of glassy phase present in the brick. The grain size can be up
to 3-5 mm.

Table 2.1: Summary of the main chemical constituents and some of the material properties of
Silox 60 according to the manufacturer [25]. (AP - apparent porosity; CCS - cold compression
strength).

Material properties Constituents (wt%)

ρ (g/cm3) AP (%) CCS (MPa) Al2O3 SiO2 T iO2 Fe2O3 CaO Alkalis

Silox 60 2.45 (2.40-2.50) 17 (15-19) 70 (50-90) 60 37 1.5 0.9 0.1 0.5

a)

2 mm

b)

1 m1 m1 mmm1 m1 m1 mmm1 mmmmmm1 m1 mmm1 mmmm1 mmmmmmmmmmmmmmmmmm1 mm 1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 m1 mm1 m11 mm1 m1 mmmmmm1 m1 m1 mmmm1 mmmmmmmmmmmmmmmmmmm1 mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm1 mm

c)c)c)c)c)c)c)c)c)c)c)c)c)c)c)c)c))c))c)c)c)c)c))c))c)c)c)c)c)c)c)c))c)c)c)c)))))))))))))))c)cc))ccc)

M

C

A

M∗

Figure 2.4: a-b) Images of typical morphology of the as-received Silox 60. c) QEMScan (Quan-
titative Evaluation of Minerals by SCANning electron microscopy) image representing phases
and their distribution; M − mullite, C − corundum, A − andalusite, M∗ − mullite with low
aluminium content.
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2.2.2 Material properties

A correct response of a finite element model requires knowledge of material properties
for the specific refractory in use. For transient FEM calculations it is primarily: i)
heat conductivity, ii) thermal expansion coefficient, iii) heat capacity, iv) tensile and v)
compression strength, vi) stress-strain behaviour (Young’s modulus and Poisson’s ratio)
and vii) friction coefficients that are of interest to know. Moreover, some of the mentioned
material properties are also highly temperature dependent, which cannot be neglected as
the use of refractories is at elevated temperatures.

High-alumina refractories comprise a large variation of products and properties. Also
between the bricks of similar chemical composition there may be substantial differences,
as in case for elastic properties. However, availability of reported material data for high-
alumina refractory bricks is scarce, sometimes insufficient and fluctuating considerably
between the sources.

Following section summarizes proposed material properties for Silox 60 and other
similar materials on the basis of manufacturer’s data and literature review [25–34].

Thermal expansion Mainly governed by the chemical composition of the brick. Tem-
perature dependency seems to be fairly linear for high-alumina bricks up to 1100 ◦C.
Manufacturer provides, for Silox 60, linear thermal expansion coefficient of 6 · 10−6(1/K)
at 1000 ◦C. Assumption is made that it is slightly increasing at temperatures above 1100
◦C, see Figure 2.5.

Specific heat capacity Poorly documented. Mainly governed by the chemistry and
porosity of the material. Most of the high-alumina refractories seem to have values around
800 (J/kgK) at room temperature. Further temperature increase of the material requires
larger energy input, hence the specific heat capacity is increasing with temperature.
Assumed specific heat capacity of Silox 60 is shown in Figure 2.5.

Heat conductivity Highly dependent on the porosity of the material. Data for Silox
60 is provided by the manufacturer, see Figure 2.5.

Poisson’s ratio Poorly documented temperature dependency. As for many ceramics
and refractories values of 0.1-0.15 are commonly used. For Silox 60 a value of 0.15 is
assumed for all temperatures.

Friction coefficients Simple tilted-plane friction tests conducted for brick-to-brick
and brick-to-rough steel surface contacts provided friction values of approximately 0.55
and 0.6, respectively.

Young’s modulus of high-alumina bricks at elevated temperatures is poorly reported,
while some of the available sources show variation of more than 200 % at room tempera-
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Figure 2.5: Thermal properties of Silox 60 based on provided data from manufacturer and
assumptions based on literature review.

ture for bricks of similar chemical composition [27]. Compression strength and modulus
of rupture (for an indirect tensile strength) data are reported but with a great variety
and only for some chemical compositions.

In-house measurement of compression strength, tensile splitting strength and mod-
ulus of elasticity on Silox 60 were performed, the results are summarized in the next
section.

2.2.3 Experimental results summary

Background Measurement of elastic modulus, compression strength and splitting ten-
sile strength were performed at ambient and elevated (300-1300 ◦C) temperatures in
order to fill the data gap for Silox 60. For measurement of compression strength and
elasticity modulus, cylindrical samples of size 30×30 mm were prepared and used. The
strain was recorded by an axial extensometer. The splitting tensile strength was mea-
sured by Brazilian disc methodology (t≈8 mm and D=30 mm, primarily), see illustration
in Figure 2.6. See also Appendix A for a photography of the experimental set-up. A
thorough description of test methodology is described in Paper D. Furthermore, Fig-
ure 2.7 illustrates granular material behaviour, applicable to refractories, described by
Drucker-Prager yield surface model with cap and the path of the different mechanical
tests describing such model.
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Figure 2.6: Illustration of Brazilian disc test and uniaxial compression test; P − Load, σt −
tensile stress.
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Figure 2.7: Representation of a Drucker-Prager yield surface with a cap in the hydrostatic-
deviatoric stress space, p-q, where p − hydrostatic stress, q − equivalent von-Mises stress. The
inserted figures illustrate typical paths for (from left to right) uniaxial tensile test, Brazilian disc
test, uniaxial compression test and die test (x − all DOFs locked). d − material cohesion; β −
friction angle; py − hydrostatic yield stress.

The results of the mechanical tests are summarized in Figure 2.8, the representation
is general and approximative, for more details consult Paper D. The results show that
compression and splitting tensile strengths are increasing with elevation of temperature,
up to approximately 900 ◦C. The strength increase is considerable, measuring roughly
60 and 40 % for compression and splitting tensile strengths, respectively. Furthermore,
as the temperature rises above 900-1000 ◦C, the strength of the material is significantly
lowered in a rather short temperature interval. Also modulus of elasticity is increasing
with elevation of temperature. However, the peak is realized at around 700 ◦C and
the increase is only some 20 %. Moreover, already at 900 ◦C the elasticity modulus is
significantly reduced. The strength and modulus of elasticity increases cannot be related
to phase changes [35] due to too short temperature exposure, thus it has to be other
reasons behind such behaviour.

It is believed that this counter-intuitive behaviour of increasing strength and stiffness
with elevated temperature is due to bridging effects (discussed in section 2.1.3) that
occur in coarse materials rich in glassy phase, such as refractories. It seems that the
initial softening of the glassy phase is responsible for both the sudden decline of elasticity
modulus and the strength peak, in compression and tension, observed at 900 ◦C.
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Figure 2.8: Summary of the results of the mechanical tests conducted at ambient and elevated
temperatures. The graphs represent trends and approximative values.



Chapter 3

Principles of brick lining

3.1 Failure of refractory lining

Severe damage of the refractory brick lining is usually presented by fall-outs of the bricks
or a significant thickness reduction of the bricks. This leads to the formation of so called
warm and/or hot spots on the surface of the steel casing, commonly detected by an IR-
camera, see Figure 3.1. Warm spots generally indicate spalling (thickness reduction) of

Figure 3.1: Left) Brick fall-outs in the lining with spalling around area. Right) Brick fall-out
and spalling detected by IR-camera.

the brick lining. This stage requires surveillance, but not necessarily shut-down of the
kiln, depending on the severity and e.g. the remaining time to the planned shut-down.
Hot spots on the other hand indicate fall-out of the lining and leads in general to an
immediate shut-down.

Casing of the kiln is a very expensive investment that is planned to last for decades

19
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and therefore important to be handled with care. Warm and hot spots risk permanent
deformation of the casing making it less perfect. Damages to the casing worsen integrity
of the brick lining, which additionally augments the risk of future fall-outs. In some
occasions an unplanned shut-down can temporarily be delayed by promotion of slag
formation over the damaged section. This can be done e.g. by cooling the area by water
sprays which leads to solidification of melted phases inside the kiln. However, by this the
casing is subjected to the risk of crack formation and is a bad long-term alternative.

3.2 Refractory brick lining and analytical calcula-

tions

Refractory products are often used in harsh service environments and therefore prone to
degradation. Tolerance to high temperatures, mechanical loads, thermal cycling, wear
and chemical resistance are some of the common requests [16,36,37]. In practice, degra-
dation of refractory lining of the kiln is inevitable. Common procedure is that the lining
of the kiln is controlled and/or replaced at regular basis during planned maintenance
shut-downs. The best case scenario is when refractory lining is degrading in a controlled
manner without causing shut-downs in-between maintenance stops.

In general, life of the lining is influenced by mechanisms of thermal, mechanical
and chemical character, and the coexistence of them. Dependent on the manufacturing
process the severity of these effects may vary. To some degree, these effects can be
controlled by the choice of the refractory material. However, total immunity cannot be
achieved by the material choice. Therefore, it is important that technical limitation of
the lining material is not violated and that the relevant steps in the process, e.g. heating
and cooling, are adjusted to that.

Some of the fundamental ideas regarding the brick lining will be discussed in the
following sections.

3.2.1 Mechanical effects

Brick lining is relatively tightly fitted to the steel casing of the rotary kiln. During the
usage of the kiln (starts, stops, rotation), the steel casing and therefore the lining are
subjected to radial and longitudinal bending, vibrations and torsion. Additional stresses
can typically arise from misalignment of the kiln or other abnormalities [38]. This results
in different stress-controlled loads on the lining. Here, stress-controlled loads define
external loads such as: gravity load, pressure load or any type of mechanical load.

Ovality

Radial bending of the kiln, known as the ovality of the kiln, traditionally belongs to one of
the most important load generators in the refractory lining and directly affects the lifetime
of it. Ovality is an elastic distortion of the kiln casing that arises due to the gravity
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force. The weight of the casing, the lining, the material charge and kiln’s hollow shape
make the casing somewhat oval rather than circular. This is illustrated in Figure 3.2.

g

⇓

1/2 · δh
δv

Figure 3.2: Arbitrary representation of an un-
strained (solid line) and a strained (dashed
line) kiln shell profile.

The deviation from the circular line (δv and
δh) may reach some 10-15 mm in a large-
sized kiln. Due to the ovality of the steel
casing the lining will experience load oscil-
lations during rotation of the kiln. In a pe-
riod of 24 h a rotary kiln for iron-ore pellet
production typically goes through 2000-4000
revolutions and the double amount of load
oscillations (due to vertical symmetry line).
This may lead to the formation of cracks and
eventually to the spalling of the refractory
lining. Additionally, bricks in the lining are
forced to shift their relative position to each
other due to the ovality. By that opening
up the joints, leading to worsen integrity of
the brick lining, which may cause unhealthy
stress concentrations. [38]

Measurement of the ovality of a kiln is usually performed with a device called shell-
tester [9] at a position close to a riding tyre during operation of the kiln in order to
include the effect of the temperature. It is commonly presented in percent, as relative
deformation to the nominal diameter. If the deformation is known, then the relative
ovality (ωr) is found by Equation 3.1.

ωr =
δv + δh
D0

· 100% (3.1)

where δh and δv are the horizontal and vertical deviations from the circular line and D0

is the nominal inner diameter of the casing. A rule of thumb based on the experience
has been established suggesting that the ovality of the steel casing should not, expressed
in per cent, be larger than 10 % of the value for the nominal inner diameter in meters.
E.g. a kiln with a nominal inner diameter of 7 m should not have relative ovality of more
than 0.7 %. [9, 38]

The magnitude of the ovality is primely dependent on the thickness of the steel cas-
ing, the gap between the tyre and the pads and the operating temperature. The ovality
is highest near the tyres and statistically most of the repair jobs of the lining are done
close to the downhill-tyre (closest to the flame). Additionally, the ovality of the kiln is
not at a permanent state but is changing with operating conditions. When the lining is
newly installed the ovality tends to be at its lowest value and increases after some time.
Wear of chair pads gradually increases ovality. If the lining is covered with protective
slag, the effect of temperature is lowered and therefore the ovality is lowered as well. [9]

Magnitude of compressive stresses in the lining induced by the ovality of the kiln
can be approximated analytically by Equation 3.2. Deduction of the equation can be
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found in Appendix B.

σL = 3
δh + δv
D2

0

ELtL (3.2)

where σL is the compressive stress induced on the inner wall of the lining, EL − Young’s
modulus of the lining material and tL − the thickness of the lining. From the equation it
can be seen that stresses increase with increased ovality, Young’s modulus and thickness of
the lining. Figure 3.3 graphically represents relationship between stress, ovality, diameter
and thickness of the lining with typical dimensions for large-sized kilns. Young’s modulus
of the lining is set to 10 GPa.
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Figure 3.3: Compressive stress dependency in the lining with respect to ovality, initial inner
diameter and thickness of the lining. Notations inside figure: 6 and 7 − initial inner diameter
(m), 200 and 250 − lining thickness (mm), 0.3 and 0.5 − relative ovality (%).

A healthy kiln typically has relative ovality of around 0.5 % − implying that the
lining experiences maximum compressive stress of some 4-6 MPa in a large-sized kiln.
This will later be compared to numerical calculations in Chapter 4.2.1.

3.2.2 Thermal effects

Thermal expansion of the lining, the casing and the tyre are fundamental issues related
to the temperature. The gap between the tyre and the pads has to be sufficient for the
thermal expansion of the casing. Too tight riding tyre can inhibit thermal expansion
of the casing leading to failure of the lining or even the tyre. On the other hand, the
gap cannot be too large as it affects ovality negatively. Too fast heating of the kiln can
lead to brick spalling or seizure of the casing in the tyre. The internal loads induced by
thermal expansion are defined as strain-controlled loads.

The lining is subjected to a higher temperature than the casing and expands partly
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more than the casing. Some part of the expansion of the lining is compensated by the
expansion of the casing. Additionally, some part of the expansion is swallowed by the
natural joints between the bricks (see Appendix C). However, a part of the expansion is
leading to increased stresses experienced by the lining. The advantage of the expansion
is the increased stability of the lining. However, it is important that the expansion is
within the technical limitation of the material. Some additional flexibility to a brick
lining can be given by installing the lining with mortar or steel plates between the radial
joints. The steel plates and mortar erode during heating and give additional expansion
space to the lining − by that lowering compressive stresses. However, in cold state, the
lining becomes looser than normally after the erosion of steel plates or mortar, which
might be problematic if cooling and reheating of the kiln have to be performed.

The expansion rate of the kiln is also of importance since the lining is heated faster
than the casing and the casing is heated faster than the riding tyre. The opposite is
applicable during cooling. The casing and the lining risk seizure due to mismatched
thermal expansion if the heating or cooling are made too fast. Typical heating and
cooling procedure requires 24-36 h. In addition to the thermal loads due to expansion,
the hot face (face of the lining exposed to the flame) of the lining also experiences thermal
load oscillations during rotation. This can be due to e.g. unfavourable flame direction
and gas flow, and the cooling effect on the lining when it passes below the bed of material.
The oscillations lead to local stresses which induce risk of spalling of the lining. Other
factors affecting thermal load are e.g. the operation of the burner and the protective
slag formation. Misaligned burner or badly controlled power output of the burner can
cause critical temperature peaks in parts of the lining leading to mismatched thermal
expansion.

The slag is a very effective insulation and protection for the lining. In some processes,
such as cement clinker production, the slag formation is vital for the manufacturing. In
other processes it is not as critical. Sudden slag fall-out in an area may locally increase
the temperature several hundred degrees, causing mismatched thermal expansion with
the rest of the lining [39].

In the following sections some analytical calculations are performed for analysing thermal
effects on the lining and will later be compared to some of the modelling results. For this
purpose, data for a specific rotary kiln is defined, see also Chapter 4.1.1.

Consider a rotary kiln with the following input data. Brick lining having: thick-
ness, tL = 250 mm; outer radius, RLO = 3429 mm; average radius, RLM = 3304 mm;
hot face temperature, TH = 1250 ◦C; Young’s modulus, EL = 15 GPa; coefficient of
thermal expansion, αL = 6 · 10−6 1/K and thermal conductivity, λL = 1.4 W/(m ·K).
Furthermore, steel casing having: thickness, tS = 100 mm; inner radius, RS = 3429 mm;
outer surface temperature, TS = 250 ◦C; Young’s modulus, ES = 205 GPa; coefficient of
thermal expansion, αS = 12 · 10−6 1/K and thermal conductivity, λC = 45 W/(m ·K).
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Temperature profile calculations

Temperature profile through the brick lining and the steel casing can be approximated
analytically. If knowing the temperature of the hot face of the lining, TH , and of the
outer surface of the casing, TS, the temperature in the intersection of the lining and the
casing, TC , can be found by (see Appendix D):

TC = TS
λL

tL
+ TH

λC

tS
(3.3)

For the simplicity of the task it is assumed that heat transfer is perfect on the boundary
and thus the intersection temperature or temperature of the cold face of the lining is:
TC ≈ 267 ◦C. Assuming linear relation, the temperature profile in the brick lining and the
casing in a steady state becomes according to Figure 3.4. Non-linear FEM calculation
confirms that linear assumption is satisfactory.
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Figure 3.4: Temperature profile through the brick lining and the steel casing at steady state.
Inserted figure provides visualization of temperature gradient calculated by FEM.

Due to the temperature gradient in the brick lining the expansion of the lining is
not even through its thickness. For a typical brick the difference in expansion between
cold face and hot face is some 1-1.5 mm. Due to this difference the radial joints of the
bricks are not having full contact with each other after the expansion, see Appendix E
for an illustration. In practise it is difficult to define the size of the contact zone, since
the bricks are not perfectly ordered, have some joint absorption, elastic deformation etc.
However, for the further discussion it will be assumed that the contact zone is 2/3 of the
brick’s thickness. It will be shown, in the following section, that a theoretical limit of the
contact zone can be iterated by analytical calculations based on the assumption that a
joint between two bricks cannot resist a tensile stress. Finding such point would indicate
end of the contact zone.
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Thermal load calculations

Induced stresses in the lining due to temperature increase can be divided into two com-
ponents. Firstly, stresses that arise from the expansion of the lining and resistance of the
casing to that expansion. If the lining can expand freely no such stresses can be induced.
Secondly, stresses due to temperature gradient through the brick. If temperature of the
brick is homogeneous no such stresses will be induced. These stress components are il-
lustrated in Figure 3.5. Further on, thermal stresses in the lining will be approximated
analytically according to the methodology suggested by Schacht [32].

Stresses due to expansion difference As defined previously, 2/3 of the brick’s
thickness will be considered to have full contact with another brick. Therefore, tL∗ =
2/3 · tL = 167 mm and the temperature at that thickness, TC∗ = 590 ◦C, is found from
Figure 3.4. Average temperature increase of the brick lining in contact zone is:

ΔTL = (TH + TC∗)/2− TR (3.4)

where TR = 21◦ C is the room temperature.

Difference in increase of radius, ΔδT , due to different thermal expansion between
the lining and the casing is found by:

ΔδT = αLRLOΔTL − αSRSΔTS = 8.6 mm (3.5)

where ΔTS is average temperature increase in the steel casing. A positive value of the
expansion difference implies that the brick lining expands more than the casing and
therefore the casing will impose compressive load on the lining.
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Figure 3.5: Illustration of stress components in the lining that arise due to expansion difference
between the lining and the casing (left figure) and temperature gradient in the lining (right
figure).
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The relationship between the radial pressure, P , imposed by the expanding lining
on the casing and the expansion difference can be defined as:

ΔδT = P

(
R2

LM

tLMEL

+
R2

S

tSES

)
(3.6)

Solving for P with Equations 3.5 and 3.6 gives P = 1.7 MPa. The tensile stress in the
casing, σS, that resists lining’s expansion is found by:

σS = PRS/tS = 60 MPa (3.7)

Analogously for the lining, the average compressive stress in the contact zone, σLC , is:

σLC = PRLM/tL∗ = −35 MPa (3.8)

Stresses due to temperature gradient in the lining The stress due to tempera-
ture gradient in the brick, σLG, at depth tL∗, is derived from Hooke’s law:

σLG = (ELαL(TH − TC∗))/2 = 30 MPa (3.9)

The total average stress, σTOT , in the brick lining at the depth tL∗ from the hot face is:

σTOT = σLG + σLC = −5 MPa (3.10)

The stress is a low compressive stress, therefore the approximation of contact zone to
2/3 · tL was satisfactory. The contact zone could be iterated even more precisely for zero
stress, however this will not be performed here.

Analogously the stress at hot face is found by:

σTOT = −σLG + σLC = −65 MPa (3.11)

which is a compressive stress.
Figure 3.6 graphically represents resultant stress profile in the lining after thermal

expansion calculated by the methodology above. For pedagogical reason and for a later
use, an analogues calculation has been performed for a brick who has a contact zone
along its whole thickness. Figure 3.6 b) graphically represents the resultant stress profile
for such case. Compressive stress on the hot side of the brick is similar as in the previous
case. Additionally, the examples demonstrate the importance of elasticity modulus in
the development of stresses in the lining.
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Figure 3.6: Stress profile in the lining due to thermal expansion for a brick which has a contact
zone of 2/3 of its thickness (a) and for a brick with a contact zone along its whole thickness (b).
The filled areas above zero stress mark the possible range of compressive stress variation due
to variation of Young’s modulus. The filled areas below zero stress mark the range of possible
tensile stress if separation of the joints does not occur. The upper x-scale denotes at which
thickness the temperature and stress levels are found. (Notations in the figure denote Young’s
modulus of the lining).

3.2.3 Chemical effects

Chemical effects are highly dependent on the process environment. In general, chemical
attack on the lining in rotary kilns is often associated with presence of alkalis (Na, K),
sulphur and chlorine [10]. The severity increases with temperature and therefore hot
zone of the kiln is affected mostly. A good choice of material with respect to the process
environment is the primary solution to the issues of chemical character. Rotary kilns for
iron-ore refinement have relatively mild corrosive conditions. A number of papers on this
issue regarding aluminosilicate bricks where published by Stjernberg et al. [40–42].
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Chapter 4

Finite element modelling

Finite element modelling [43] is a widely used numerical solution method which is
typically implemented for evaluation of stresses and strains of a system. However, despite
the wide use of FEM in calculations of various mechanical problems, its use for evalu-
ation of rotary kilns is poorly reported in scientific journals. Some information can be
collected from the researches working in the field of steel-making industry, where refrac-
tory materials are extensively used. Damhof et al. [44] present a FE-model of thermal
shock damage in the refractory lining of steel-making installations. Others [45–48] have
presented some approaches using FEM for evaluation of thermomechanical behaviour of
refractory linings in steel industry. del Coz Diaz et al. [49] perform a FEM analysis of
a cement rotary kiln, evaluating ovalization and stresses in the steel casing. Currently,
there is little attention from academic research on studying the thermomechanical and
mechanical behaviour of a brick lining of rotary kilns in static or dynamic cases, in cold
or hot state.

In this thesis, the commercial FE-software, LS-DYNA [50], is used for the numerical
calculations.

4.1 Model approach

Throughout this thesis, many trial and errors were conducted to find an efficient and
useful way of modelling a rotary kiln. In the following section a collection of some tips
and justifications about the made choices are gathered.

4.1.1 Geometry and mesh

A full scale finite element model of a rotary kiln with satisfactory mesh size, would require
more than 20 million quad elements for discretization of the geometry. Therefore, today
it is computationally too heavy to handle this in a practical way. The reasonable choice
falls into modelling a cross section or a section of a rotary kiln.

29
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As a benchmark model in this thesis, rotary kiln of the pelletizing plant KK4, LKAB,
Kiruna, Sweden, is used. It has a length of approximately 40 m, diameter of more than
7 m and it is lined with a single brick layer. Figure 4.1 shows the dimensions of the cross
section of the rotary kiln and brick.

Figure 4.1: Dimensions (mm) of the unstrained rotary kiln cross section and the brick used in
the FE-model.

Position of the cross section was chosen at the down-stream riding tyres (closest
to the flame, see Paper D for illustration). The reason behind the choice is that the
refractory brick lining experiences higher probability to failure at that position [10].
Also, boundary conditions are easily defined at the position of the riding tyres.

Models presented in this thesis are 3D models, either 100 or 300 mm in depth,
corresponding to one or three rows of bricks.

The riding tyre, due to its massive dimension, can in many cases be assumed to be
rigid as its influence on the results is negligible. Consequently, the riding wheels can, in
such cases, be neglected as well. These choices reduce the computational time three fold.

4.1.2 Boundary conditions

Radial and axial restrain Displacement of the brick lining is restrained in the radial
and axial direction and is also affected by the deformation of the steel casing. Paper
E suggests an approach to model the variation of the restrain of the brick lining in the
radial and axial directions. Paper A describes the effect of ovality on the displacement
of the brick lining in cold state.

Hot conditions Rotary kiln was studied in both cold and hot states. Paper A describes
the effect of various factors on the mechanical stability of the brick lining in cold state.

Hot state of the rotary kiln was induced by either hot steady state conditions (Pa-
per B) or by time-dependent conditions (Paper E). The steady state conditions were
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introduced by applying known and approximated temperatures on the boundaries of the
model, while the time-dependent heating was performed after calibration of heat transfer
parameters on the model’s boundaries, see illustrations in Figure 4.2. Advise Paper C
and E for more details.
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Figure 4.2: a) Example of boundary temperature conditions for a steady-state solution. b)
Illustration of transient heating; showing temperature development on the hot face of the bricks
and the cold face of the tyre, and heat transfer at the boundaries.

4.1.3 Brick material model

LS-Dyna library provides a number of material models that are developed for coarse-
grained materials, such as concrete and rocks. Here follows some of the material models
that were investigated for a potential use:
∗MAT 072 material model was developed for analysing steel reinforced concrete struc-
tures under impulsive loading.
∗MAT 096 is an anisotropic brittle damage model designed for concrete.
∗MAT 145 a continuous surface cap model for modelling of soils, concrete and rocks.
∗MAT 159 another continuous surface cap model designed for concrete.
∗MAT 173 material model governed by Mohr-Coulomb theory and used for granular ma-
terials.
∗MAT 273 is a damage, plastic concrete model.

After investigation of the material models, several major drawbacks were concluded:
i) only some of the material models were adopted to solid element, which could become
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disadvantageous at a later stage. ii) Most of these material models are computationally
heavy, requiring unreasonably long simulation times. iii) In connection to the previous
point, only some of the models are adopted to the implicit integration method. iv) Non
of the mentioned material models is adopted for modelling thermal conditions. v) Some
of the models require an extensive and complicated calibration of input parameters. vi)
No substantial difference in response between a simple elastic model and the specialized
material models could be seen in cold state.

It was concluded, that for cold conditions, there is no reasonable justification to
use the more complicated and computationally heavier material models. Simple elastic
material model (∗MAT 001) is satisfactory. In case of material model for hot conditions,
it was decided to use a step-wise elastic-plastic material model (∗MAT 004) with input
for temperature dependent material properties, adopted for solid elements and implicit
integration. It is fast and covers most of the needs for various load cases in studying
global behaviour.

Final recommended material properties as input in the step-wise elastic-plastic ma-
terial model are found in Paper D.

4.1.4 Numerical details

Additional information regarding modelling and simulation settings:

Integration method Solving by implicit integration is in most cases 2-5 times faster
than by explicit integration.
Data processing MPP (Massively Parallel Processing) is in most cases faster than SMP
(Shared Memory Parallel processing).
Discretization For studying the brick lining, the satisfactory mesh size for all parts of
the model is approximately 25 mm, generating some 100-200 thousand of solid elements
in the current models. However, for evaluation of stresses in the steel casing a much
smaller mesh size (< 5mm) is required for convergence of stress levels.
Element formulation Fully integrated hexahedra elements were used in all numerical
parts.
Contact The recommended contact between the numerical parts is a mortar, penalty
based segment-to-segment contact method. It is a contact that is specifically designed for
implicit integration to perform smoother. Paper B suggests a simple method for verifying
a proper contact treatment and how to reduce penetration problems in contact.
Time step Adaptive time step was used. The thermal time step should not be larger
then the mechanical time step. Also, temperature change in one thermal time step should
not be too great as it may lead to convergence problems; 5-50 ◦C depending on the case.

The model becomes rather computationally heavy, e.g. it takes approximately 50 h
to calculate one revolution of the kiln in cold state. It is primarily contacts between the
bricks that require long computational time. Therefore, one of the main challenges have
been and still is to make calculations more efficient.
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4.2 FEM results summary

In this section, the analytical results obtained in Chapter 3.2 are compared with the
numerical results from the FEM simulations. The simulations are based on the same
dimensions and material properties of the casing and the lining. These, basic, but ef-
fective cases are valuable for verification of the model’s response and also for general
understanding of the behaviour of the lining.

Furthermore, additional examples collected from the different papers will be pre-
sented.

4.2.1 Cold state behaviour

Figure 4.3 a) shows effective von-Mises stress distribution in a lining, found by FEM
simulation, induced due to ovality of the casing − the same load case as for the analyt-
ical calculation performed in Chapter 3.2.1. Though the results of the analytical and
numerical calculations do not coincide exactly, the stress levels are in the same range.
The analytically found maximum compressive and tensile stress reaches around 4.2 MPa,
while numerically found 2.8 MPa. Nevertheless, this example can be regarded as a vague
validation of model’s response. Furthermore, Figure 4.3 b) displays the stress oscillation
during rotation by cause of the ovality.
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Figure 4.3: a) Distribution of effective von-Mises stress due to ovality (0.4 %) in a lining without
brick joints, where + and − denote compressive and tensile stress, respectively. b) Oscillation
of effective von-Mises stress due to ovality (0.4 %) on the face of the lining during rotation.

However, the simplified analytical approach to calculate stresses generated due to the
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ovality is not reflecting reality in a good way. One of the primary reasons is the absence
of brick joints that make the lining much more flexible. Figure 4.4 a) shows effective
von-Mises stress distribution in the lining, found by FEM, for a case comparable to the
previous analytical case, but now using bricks. The example shows that the compressive
stresses are reduced by half and that the tensile stresses are nearly vanished. If other
stress controlling parameters are added, additional changes occur. Figure 4.4 b) shows
effective von-Mises stress distribution in a lining with an additional initial hinge (regard
Paper A) between the brick lining and the casing − a common realistic case, since the
lining is seldom perfectly tight with the steel casing. As visualized, the stresses are
reduced even more. Additionally, Figure 4.5 shows variation of effective von-Mises stress
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Figure 4.4: a) Distribution of effective von-Mises stress in the brick lining in tight contact with
the casing, kiln with ovality of 0.4 %. b) Distribution of effective von-Mises stress in the brick
lining with an initial hinge between the lining and the casing, kiln with ovality of 0.4 %.

on the bricks’ cold face (in contact with the casing) during rotation of kilns with different
ovalities. The results indicate that, despite the different ovalities, maximum stress reaches
some 0.5 MPa while average stress 0.2 MPa, which is one order of magnitude lower
compared to previous analytical results. The joints make the lining much more flexible
and therefore lower stresses are obtained. Steinbiss [51] measured, in his in-situ study,
maximum compressive stress in the lining of cold kiln to 0.4 MPa.

Naturally, it becomes evident at this stage that stress levels as such are not of the
primer concern in cold state for the overviewed cases. However, there is a potential
concern of another nature, namely radial brick displacement. Figure 4.6 shows FEM
simulation records of radial brick displacement for kilns with different ovalities, where
gap between the bricks and the casing was continuously tracked during rotation. Clearly,



4.2. FEM results summary 35

ovality has a significant influence on the radial displacement of bricks in cold condition. In
the worst case scenario, gaps larger than 50 mm could be observed during rotation. Also
in reality such brick displacements occur, up to 45 mm have been previously observed.
See Appendix F for images of radial brick displacement and complete fall-outs.

For further discussion on the lining behaviour in cold state due to variation of dif-
ferent parameters (Young’s modulus, friction coefficient, rotational speed and ovality),
advise Paper A.
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Figure 4.5: Effective von-Mises stress variation on bricks’ cold face during rotation. Ovality
variation from left to right: 0.27, 0.4 and 0.6 %.(Collected from Paper A)
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Figure 4.6: Radial brick displacement during dynamic loading (5 revolutions at 2 rpm) for kiln
with different ovalities. Ovality variation from left to right: 0.27, 0.4 and 0.6 %. (Collected
from Paper A)
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4.2.2 Hot steady state behaviour

Figure 4.7 a) visualizes the effective von-Mises stress (steady state) in the lining due to
thermal expansion of the system (lining tightly fitted to the casing) − the same loading
case as for the analytical calculations performed in Chapter 3.2.2. Figure 4.7 b) shows
the numerically found stresses in the lining plotted with the previously found analytical
results. The compressive stresses concentrate towards the hot face (inside) of the lining,
while tensile stresses on the cold face of the lining. As can be seen, a very good agreement
between the analytical and numerical results is achieved. The performed example can be
used as a verification of a model’s response.
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Figure 4.7: a) Distribution of effective von-Mises stress (steady state) in the lining due to
thermal expansion obtain by numerical modelling imitating the analytical case for bricks having
full contact with each other (in principal a monolithic lining). b) Comparison of analytically
and numerically found circumferential stress in the lining; where the positive and negative stress
denote compressive and tensile state, respectively.

However, the studied case above is not a very good representation of reality. The
analytical case considers a lining that, among other details, lack consideration of brick
joints and that is perfectly tight with the casing.

Figure 4.8 a) shows effective von-Mises stress distribution in a lining considering
brick joints, else, identical case as the analytical. It is seen that the maximum stresses
(compressive) lowers from 45 to 37 MPa by the introduction of bricks. Also, the intro-
duction of brick joints considerably releases the tensile stresses on the cold face of the
lining due to the separation of brick joints. Perhaps, this case can be regarded as the
corresponding case to the analytical results for the lining having contact zone along 2/3
of its thickness.

Furthermore, when an initial hinge ( Δh, see Paper B) of 6 mm between the brick
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lining and the casing is added, additional stress relief is realized, see Figure 4.8 b). In
this case, the maximum stresses (compressive) are further lowered to 32 MPa. Of course,
if the hinge is increased even more, the compressive stresses will be lowered even further.
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Figure 4.8: a) Distribution of effective von-Mises stress (steady state) in the brick lining due to
thermal expansion for a case where lining is in a tight contact with the casing. b) Distribution
of effective von-Mises stress (steady state) in the brick lining due to thermal expansion for a
case with an initial hinge between the lining and the casing.

4.2.3 Transient hot state behaviour

The examples presented above illustrated a way for understanding the general tendencies
of the lining in a hot steady state using temperature independent material properties.
Taking into consideration the temperature dependent material properties (Paper D) and
time dependent conditions (Paper E), such as heating and cooling, changes the outcome
significantly.

Figure 4.9 exemplifies development of maximum tensile stresses in a brick lining sub-
jected to heating and cooling, and identifies the location and direction of those stresses.
One of the most interesting areas is developed during the initial heating of the lining,
creating a large area of radial tensile stresses, I©. Circumferential cracks developed in
this area of bricks are commonly observed, see Appendix F. Furthermore, cooling stages
could hypothetically become dangerous and be the cause to the brick spalling.

Figure 4.10 shows dependency of radial tensile stress during the initial heating with
respect to brick compaction in radial and axial direction, and initial heating rates.

In general, a tight compaction leads to lower tensile stresses by the counteraction of
the increased compression stresses. Furthermore, it is significant to point out the great
influence of axial compaction on the tensile stresses during the initial heating, something
that, compared to radial compaction, is usually not paid attention to during installation.
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Naturally, slower initial heating leads to smaller thermal gradient and thus to lower
tensile stresses. The significance is high, by increasing the initial heating time from 2 to
4 hours, for reaching 800 ◦C on the hot face of the bricks, the tensile stresses are reduced
by up to 40 %. Perhaps, such awareness could lead to consideration of improving burners
and control systems.

For further information regarding stress development during time-dependent events,
consult Paper E.
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Chapter 5

Conclusions

In this thesis, an approach using finite element method in the creation of a numerical
model of a rotary kiln was suggested. Various tips and justifications were given. It is
concluded that the objective of this work, to create an efficient numerical model of a
rotary kiln for studying brick lining behaviour, has been fulfilled.

It was shown, by studying the rotary kiln in cold and hot states, that critical situa-
tions affecting brick lining could be captured and studied by the numerical model. The
insight into the behaviour of the brick lining with respect to various parameters gives
possibility to lower the risk of unplanned shut-downs due to failure of brick lining, which
was also the main research question of this thesis.

In more detail, following conclusion could be made:

• The created numerical models were able to reproduce the simple analytical cases
in a satisfactory way, which was useful for response verification.

• The numerical solutions of the more realistic cases showed that the studied analyt-
ical assumptions were in many cases coarse and over predicted stress levels. The
analytical assumptions should be used with care since they may be misleading from
the actual causes of failure.

• It can be concluded that stress levels of the brick lining in cold condition were
harmless for the conducted cases. However, considerable radial displacement of
bricks is possible due to ovality and rotation of the kiln.

• It was shown that initial boundary conditions were highly important in the gener-
ation of stress levels. The transient hot state simulations showed that substantial
tensile and compressive stresses may arise during heating and cooling of the brick
lining.

• Mechanical material tests revealed the difficulties of testing such heterogeneous
materials. Especially modulus of elasticity showed complex behaviour. Additional
measurements are favourable.
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• Numerical simulations and visualization of the results can be used to improve un-
derstanding of refractory brick lining behaviour.

Along the thesis work, it was soon understood that one of the important challenges
would become the stagnation of the research field. Scarcely reported research, from the
point of view of solid mechanics, regarding rotary kilns, refractory linings and refractory
materials in the last two-three decades is pronounced. Sweden, in particular, lack re-
ported research conducted in this field. Based on this remark, perhaps this thesis could
contribute to the revival of new research in this, currently, stagnated field. In conclusion,
there is no doubt that use of numerical models would benefit the rotary kiln user in terms
of improved management of rotary kilns, testing of ideas, failure analysis, support during
decision making and even warranty issues, and more.



Chapter 6

Outlook

The nature of the work conducted in this thesis can be regarded as a foundation
for further research of a more specific character. The scope, covering understanding of
the problem, FE-model development, simulations and material testing, was general and
descriptive rather than detailed and concrete. There is a great potential to expand and
further develop each part of the scope.

Material model development Perhaps one of the major interests in the further
development of the numerical model would be an improved material model of brick ma-
terials for studying local behaviour. Material model, MAT 273, available in LS-DYNA,
is a promising candidate that would require adaptation to thermal parameters.
Brick material testing Response of the model is highly dependent on the material
properties of the bricks. There is a need to conduct further testing on the materials of
interest.

The mechanical testing at high temperatures is very time-demanding, requiring a
good strategy. The author suggests to conduct additional measurement of elasticity
modulus in compression, Brazilian disc tests and three point bending tests. As the bricks
have naturally high variation of properties it would be beneficial to collect samples from
several batches of bricks.

The conduction of elasticity modulus measurements is recommended to be limited to
four test temperatures: room temperature, 700, 900 and 1100 ◦C. Due to high sensitivity
of strain measurement to parallelism of the samples, it is recommended to measure strain
between the two compression surfaces rather than locally on the sample, for a better strain
average. Perhaps 5 samples à 3 different brick batches for every test temperature is a
fair ambition.

Brazilian disc test and 3-point bending test are of interest. Both tests give a measure
of indirect tensile strength, however, it seems that 3-point bending measurements result
in a greater value of indirect tensile strength. That is not totally surprising, the two tests
apply for two different load modes after all, but the preliminary difference is three fold,
which makes it of interest to evaluate. There is a need to confirm if there is a considerable
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difference, to understand why there is a difference and and to choose which mode is a
fair representation of loading in the brick lining. Such comparison could be performed in
room temperature.

Additionally, in-house measurement of thermal expansion and heat capacity would
be beneficial.

Also, additional mechanical tests may be required for calibration of the more complex
material models.
Temperature input Improved data base of temperature history for the surface of
the casing in different axial positions, riding tyres, and hot face of the brick lining during
start ups and cooling for different rotary kilns, would increase precision and possibilities
of the model. Perhaps, installation of series of temperature sensors would be required if
the existing temperature measuring system is not sufficient. Therefore, an investigation
regarding temperature data collection is of interest.
Improved geometry input Internal 3D-scanning of the different casings would also
increase precision and possibilities of the model. There are reasons to suspect that
original CAD-drawings are not very exact and that through out the years of use the
casings suffered various changes. Exact geometry would be important for evaluation of
more than general tendencies for a specific rotary kiln.
Numerical optimization Optimization of process parameters and investigation of
new brick geometries are reasonable to aim at.
Additional recommendations Here follows some specific recommendation to the
rotary kiln user, which are considered to be of a low risk to implement.

• Insulation of brick surface by concrete layer. The performed simulations clearly
showed that tensile stresses in the brick lining are very sensitive to the heating
rate. The author recommends to apply a thin layer of concrete in the hottest
zone of the rotary kiln prior heating of the newly installed brick lining in order
to decrease the heating rate experienced by the bricks. However, it is important
that only the hottest zone is treated, the expansion of the brick lining in the colder
zones of the rotary kiln should not be inhibited.

• Adapted brick installation. Refractory bricks delivered to the costumer have nat-
urally high variation in mechanical properties, e.g. the difference in compression
strength between the low-strength and high-strength batches could be more than
50 %. Though, it is yet not statistically proven, similar differences probably applies
for the elasticity modulus of the bricks as well, as strength and elastic properties
are generally interconnected. As known and as was demonstrated, elasticity mod-
ulus highly affects the stress levels in the brick lining during heating. A possible
way to lower the levels of tensile stress in the brick lining would be to install the
bricks with lower elasticity modulus in the hottest zone of the rotary kiln. It is
understandable that delivering of the bricks according to their elasticity modulus
may or may not be possible. However, classification according to their strength
done by the brick producer is possible. Therefore, an adapted brick installation is
realistic, reasonable and inexpensive.



Chapter 7

Summary of Appended Papers

Paper A

“FEM investigation of global mechanisms affecting brick lining stability in
a rotary kiln in cold state”: In Paper A, the mechanical behaviour of brick lining
in cold state are studied. General aspects of ovality were introduced and analytical
stress calculations were performed. An approach of brick laying method was suggested.
Furthermore, various cases investigating behaviour of the brick lining in cold state were
tested. Influence of varied ovality, brick’s Young’s modulus and friction coefficient on
the induced stress and brick displacement were evaluated at two rotational speeds. It
was found that varied conditions in cold state did not affect stress levels experienced
by the brick lining in a considerable way. Also, integrity of the lining was studied by
continuously tracing the gap between the bricks and the casing. It was found that brick
displacement was significantly affected by rotational speed and ovality. In the worst case
scenario gaps as large as 80 mm could be observed between the bricks and the casing.

Paper B

“Characterization of high-alumina refractory bricks and modelling of hot ro-
tary kiln behaviour”: In the work presented in Paper B, three commercial alumi-
nasilicate refractory bricks were tested in compression until failure in the range of 25-1300
◦C. The purpose was to find Young’s modulus and compression strength for the brick
materials at elevated temperatures. The data was later used in modelling of brick lining
in a rotary kiln in hot steady state. It was found that the brick materials increased their
compression strength with elevation of temperature until approximately 1000 ◦C. For one
brick type the increase was over 150 % compared to its compression strength at room
temperature. Young’s modulus was found to measure 2-10 GPa in the tested temperature
range. However, no clear tendency between Young’s modulus and temperature increase
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could be observed. Furthermore, after 1000 ◦C the materials gradually became more
viscoplastic.

Additionally, an approach for verifying trustworthiness of models response was sug-
gested. Furthermore, the modelling of hot rotary kiln in steady state indicated that
induced stresses due to expansion of the system were harmless under studied conditions.

Paper C

“Modelling of hot rotary kiln”: This paper is a contribution to the proceedings of
11th European LS-DYNA Conference. It describes practical steps of modelling rotary
kiln in hot conditions using LS-Dyna. Different tips for FEM settings were given.

Paper D

“Elasticity modulus and strength of two high-alumina refractory bricks at
elevated temperatures”: This work was performed in order to increase reliability
of mechanical material data of some specific refractory bricks. The tests performed in
Paper B lacked the trustworthiness concerning the elasticity modulus for the refractory
bricks of interest.

Samples of two different, but to some extent similar, bricks of different ages were
subjected to compression tests and Brazilian disc tests. Compression strength, splitting
tensile strength and elasticity modulus of the samples were obtained. The tests were
conducted at ambient and elevated temperatures (300-500-700-900-1000-1100-1200-1300
◦C). It was found that the strength, both in compression and tension, increased with
temperature up to around 900-1000 ◦C, with an increase of around 75 % ( ≈ 105 MPa
in compression and ≈ 8.5 MPa for splitting tensile strength).

A complex behaviour was noticed for the brick samples during measurements of
modulus of elasticity. However, it is suggested that levels of elastic modulus are: 18-25
GPa in room temperature, peaking to 26-32 GPa at 500-700 ◦C and dropping to 10-15
GPa at 900 ◦C.

The conducted experiments are a valuable addition to the data base of high tem-
perature material properties for high-alumina refractory bricks, as such tests are rare.

Paper E

“Influence of heating and cooling rates on the stress state of the brick lining
in a rotary kiln using finite element simulations”: In Paper E, a method for
modelling transient heat transfer is suggested and stress state of brick lining is studied
during transient events, such as heating and cooling. Also, influence of radial and axial
brick compaction on the stresses during cooling and heating is evaluated.

Different tensile and compression areas of interest are identified during the course
of heating and cooling. Some areas were considered to be particularly high risk cases.
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In general, it was found that, a tight brick compaction leads, due to counteraction
by compressive stresses, to lower tensile stresses. However, the compressive stresses can
reach considerable levels. Interestingly, it seems that degree of compaction have positive
influence on the stresses only for cases with tightest brick compaction. It appears, if the
lining is intermediately or significantly loose, the effect on the stresses is not considerable.
Additionally, the importance of axial compaction was demonstrated, which, in contrast
to radial compaction, is typically not paid attention to during installation of brick lining.

Furthermore, heating rate had a considerable effect on the levels of tensile stress,
which was not the case for compressive stresses. A significant reduction of tensile stress
is to expect when reducing initial heating rate.
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Appendix A

Figure A1: Large-sized rotary kiln for iron-ore pellets production, LKAB, Kiruna, Sweden.
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Figure A2: Experimental set-up for compression and Brazilian disc tests at high temperature.
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Appendix B

Maximum strain and stress induced in the lining related to oval-
ity, lining thickness and its Young’s modulus.

Consider a circular shell resting on a ground that has been deformed to an ellipse due
to gravity force, according to Figure B1. The ellipse has major axis of length 2 · a and

a

b

δv
δh/2

Figure B1: Illustration of an ellipse with minor, b, and major, a, axis. Dashed line denotes
circular shape prior deformation.

minor axis of length 2 · b, where a = r0 + δh/2, and b = r0 − δv/2 and r0 is the nominal
radius before the deformation. The ellipse’s smallest radius of curvature R(a, 0) is at the
major axis and is found by:

R(a, 0) =
b2

a
=

(r0 − δv/2)
2

(r0 + δh/2)
= r0

(1− δv/2r0)
2

(1 + δh/2r0)
≈

≈ r0(1− δv/r0 + δ2v/4r
2
0)(1− δh/2r0) =

= r0(1− δv/r0 +��������δ2v/4r
2
0 − δh/2r0 +����������δhδv/2r

2
0 −����������δhδ

2
v/8r

3
0 ) ≈

≈ r0 − δv − δh/2 (B1)

The ellipse’s largest radius of curvature R(0, b) is at the minor axis and is deduced
analogically with the calculations made in Equation B1:

R(0, b) =
a2

b
= · · · ≈ r0 + δh + δv/2 (B2)

By knowing the largest and the smallest radius of curvature the largest induced strain can
be found. Now consider that the ellipse has thickness tL corresponding to the thickness
of the lining. The deformation of circular shape to ellipse will generate positive and
negative deformation of all elements in the lining, i.e. compressive stresses on the inner
wall and tensile stresses on the outer wall. Consider an element of width tL and height
x, as illustrated in Figure B2. The maximum deformation (dl) induced in the element is
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- dl 

+ dl 
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r0 

Figure B2: Illustration of largest R(0,b) and smallest R(a,0) radius of curvature relation to the
induced deformation (dl).

related to the difference between maximum and minimum radius of curvature:

dl =

(
x

R(a, 0)
− x

R(0, b)

)
tL
2

(B3)

Whereupon equation for the maximum strain (absolute value) can be deduced:

Δε =
dl

x
=

(
1

R(a, 0)
− 1

R(0, b)

)
tL
2

=
(r0 + δh + δv/2)− (r0 − δv − δh/2)

(r0 + δh + δv/2) · (r0 − δv − δh/2)

tL
2
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3

4
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tL

≈ 3

4

δh + δv
r20

tL = 3
δh + δv
D2

0

tL (B4)

And the stress variation is:

Δσ = σL = ELΔε = 3
δh + δv
D2

0

tLEL (B5)

Since the brick joints separate under tensile forces only the compressive stresses are
of relevance in this case.
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Appendix C

Approximation of joint swallowing

Due to naturally uneven surface of the bricks, the joints have certain capacity to absorb
some load before two surfaces have full contact. Figure C1 a) shows an example of a
non-destructive compression test of full-sized bricks used in rotary kiln for iron-ore pellets
production. A series of results can be found in Figure C1 b). The tests show that stress

a)

0.1 0.2 0.3
Displacement per brick joint (mm)

1

3
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9

S
tre

ss
 (M
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a)

1 joint
2 joints
4 joints

b)

Figure C1: a) Non-destructive compression test of five bricks at room temperature. b) Example
of results from the compression of two, three and five bricks.

- displacement behaviour does not become linear until a certain point. The material
itself is brittle at room temperature − the non-linear behaviour is therefore related to
the compression of joints. How to define joint absorption is up to user. In this case the
definition is made semi-qualitatively. 1 MPa is chosen as the stress limit below which
brick joint absorption is defined. With the support of the estimation of the brick joint
closure made by Andreev et.al. [52], the value of 0.1 mm was chosen as the brick joint
absorption in this evaluation.
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Appendix D

Heat transfer relationship

Heat transfer through a layer of a material is calculated by:

W = λ
A

t
ΔT (D1)

Where λ is the heat transfer coefficient of the material, A is the area of heat transfer,
t the thickness of the layer and ΔT the temperature difference between two surfaces.

Lining Casing 

TH 

TC TS 

tL tS 

Figure D1: Illustration of the steady state
temperature profile through the lining and the
casing.

In a steady state situation, as illustrated in
Figure D1, the heat flow in the intersection
between the lining and the casing is equal
from both sides, this gives:

W

A
= λL

ΔTL

tL
= λS

ΔTS

tS
(D2)

Where ΔTL = TH − TC and ΔTS = TC −
TS.

Solving equation D2 for TC gives:

TC = TS
λL

tL
+ TH

λC

tC
(D3)

Appendix E

HOT FACE 

COLD FACE 

Figure E1: Illustration of brick expansion. Dashed line denotes brick after expansion.
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Appendix F

Figure F1: Radial brick displacement of up to 45 mm and complete brick fall-outs (included
figure).

Figure F2: Circumferential cracks developed 50-75 mm below the hot face of the bricks.
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FEM investigation of global mechanisms affecting

brick lining stability in a rotary kiln in cold state

Dmitrij Ramanenka, Jesper Stjernberg and Pär Jonsén

Abstract

Severe degradation of refractory lining in a rotary kiln often leads to very costly produc-
tion delays. Use of finite element analysis for understanding the mechanisms behind the
failure of the lining is poorly reported in this field. To increase the knowledge and to
update the field a simplified model of a kiln and a new methodology for studying stability
of the lining are suggested. Behaviour of the lining in cold state - in static and dynamic
cases - is studied. Influence of ovality, brick’s Young’s modulus and friction coefficient
on stress and brick displacement are evaluated at two rotational speeds. It was found
that the induced loads in the lining are harmless regardless of the tested conditions -
challenging the traditional beliefs. On the other hand, recorded brick displacements were
found to be significantly affected by rotational speed and ovality. Gaps as large as 80
mm could be observed between the bricks and the casing in a worst case scenario. An
integrity coefficient was defined in order to quantify overall integrity of the lining.

1 Introduction

Rotary kilns are important in a variety of different manufacturing areas for e.g. calci-
nation and sintering of materials. In fact, two of the most produced materials in the
world [1, 2], cement and iron, are likely to start their journey in a rotary kiln. The
kiln simply consists of a cylindrical steel casing lined with refractories. As the kiln is
heated and rotates during production, it is subjected to a complex stress/strain condi-
tion. Availability of it is highly dependent on the state of the refractory lining. If the
lining is significantly deteriorated and can no longer protect the casing from the heat −
the production is shut-down − leading to high production losses.

There has been many improvements of rotary kilns in the last century. Production
capacity of a single kiln has been increased from earliest 300 metric ton/day up to 20, 000
metric ton/day today. The lifetime of the earliest linings in hot zones did not exceed more
than 10-15 days, today 200-300 days is expected. Energy efficiency has been improved
by 50-75 % compared to the early wet kilns [3]. However, despite these improvements
there is still little knowledge behind the mechanisms of the failure of the lining. An
explanation to this is the difficulty to observe or study a kiln due to its size and harsh
environment. Another is the slow adaptivity of the users who are, understandably, not
willing to take the risk of practising new ideas that might become expensive. Today, a

5
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part of the problem can be moved to the computer clusters where behaviour of the lining
can be simulated and studied. In this matter there is a contribution to be made.

Little attention is paid to the field of refractory lining and its failure, especially that
of a non-chemical character [4–7]. Schubin [8–11] gives comprehensive and valuable series
of scientific papers on the subject of cement kilns. These papers discuss the development
of refractory materials and service conditions influencing the lining. The effect of tem-
perature oscillations, the slag and the need of expansion joints are discussed. Analytical
solution for the temperature profile in the lining at different conditions is proposed. The
mechanical stresses in the lining caused by the ovality of the steel casing are analysed
analytically and some data is presented. Other mechanical aspects affecting the lining
are discussed. Saxena [3] gives a good overview on the problems encountered in the field
of cement rotary kilns. In [12] authors perform a rigorous work about refractory engi-
neering covering description of materials, design theory, practical principles and more.
Como [13] presents a new comprehensive, unified theory of statics of masonry construc-
tions, where similarities with refractory linings can be find. Use of Finite element method
(FEM) for the simulation of rotary kilns is poorly reported in scientific journals. Some
information can be gathered from the researches working in the field of steel-making
industry, where refractory materials are extensively used. Damhof et al. [14] present a
FE-model of thermal shock damage in the refractory lining of steel-making installations.
Some authors [15–18] have presented a number of articles on the subject of FE-simulation
of thermomechanical behaviour of refractory linings. Andreev et al. [19, 20] discuss be-
haviour and importance of dry joints in refractory linings of BOF (basic oxygen furnace)
converters. Del Coz Diaz et al. [21] make a Finite Element Analysis (FEA) of a cement
rotary kiln evaluating ovalization and stresses in the steel casing. To the authors’ knowl-
edge there is currently little attention from academic research on FE-simulation of rotary
kilns especially that includes brick lining and evaluates its mechanical response in static
or dynamic cases, in cold or hot state.

Producers of iron-ore pellets for iron making are common users of rotary kilns. The
size vary between 30 and 45 m in length and 5-8 m in diameter. The service temperature
in the hottest zone is locally approximately 1300 ◦C. The kiln is resting on two pairs of
support rollers. It is equipped with massive steel tyres for stiffening purpose that are
riding on the support rollers. Between tyres and the main body (the casing) filler pads
are placed as sacrificing abrasion material. The thickness of the steel casing is typically
50-100 mm depending on the diameter and the axial position (e.g. the casing is thicker
close to the tyres). The inner part of a rotary kiln is typically lined with a single layer of
refractory bricks. This is required for heat protection of the steel casing and surroundings,
reduction of heat losses and maintaining of desired temperature. Figure 1 illustrates a
typical rotary kiln for iron-ore pellet production.

In this work some general aspects and basic concept of rotary kilns are discussed.
Contribution of this paper is to, by means of FEA, study the effect of ovality, rotational
speed, Young’s modulus of the bricks and friction of the bricks on the load state and
behaviour of a single layer brick lining in cold condition in static and dynamic cases. For
this, a new methodology for studying the brick lining is proposed. The commercial FE-
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Figure 1: Illustration of a typical short dry-kiln used in iron-ore pellet industry (true propor-
tions).

software LS-DYNA [22] is used for FE-calculations. The used parameters (geometries,
material data etc.) are typical for rotary kilns in iron-ore pellets production.

2 Theory

Brick lining of a rotary kiln is directly or indirectly in symbiosis with the rest of the
system. To some important factors influencing brick lining’s life can be included ovality
of steel casing, burner conditions, fit of the tyres and alignment of the kiln. Too high
ovality of the steel casing can cause unhealthy load peaks in the brick lining during
rotation. Misaligned burner or badly controlled power output of the burner can cause
critical temperature peaks in parts of the lining leading to mismatched thermal expansion.
Too tight riding tyre can inhibit thermal expansion of the brick lining leading to failure
of the lining or even the tyre. Misalignment of the kiln can cause unnecessary stresses to
the rollers, tyres and the brick lining [3, 8].

Severe damage of the lining is usually presented by the fall outs or essential thickness
reduction of the bricks. This leads to the formation of ”hot spots” on the steel casing,
indicating local temperature increase due to worsen heat insulation. The ”hot spots” risk
permanently damage the casing and making it less perfect (e.g. indents). Bad perfection
of the steel casing worsen integrity of the brick lining, which additionally augments the
risk of future lining failure. The damaged areas risk also crack formation followed by
corrosion and other problems decreasing life of the casing. Thus, when ”hot spots” are
detected the production is commonly stopped for emergency maintenance. Due to the
need of slow cooling and heating of the kiln, and repairing, the kiln can be out of service
for 5-14 days [3, 8].

2.1 Mechanical effects on the lining

Lining of the kiln is tightly fitted to the steel casing. During usage of the kiln (starts,
stops, rotation) the steel casing and therefore the lining, are subjected to radial and
longitudinal bending, vibrations and torsion. This results into varied stress-controlled
loads in the lining. [10].
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2.1.1 Ovality

Radial bending of the kiln, known as the ovality of the kiln, is traditionally regarded as
one of the most important load generators in the refractory lining and directly affecting
its life. Ovality is an elastic distortion of the kiln casing that arise due to the gravity force.
The weight of the casing, the lining, the charge and possible slag inside the kiln make
the cross-section of the casing somewhat oval rather than circular. This is illustrated in
Figure 6. The vertical and the horizontal deviation from the circular line (δv and δh ) may

g
⇓

Figure 2: Arbitrary representation of unstrained (solid line) and strained (dashed line) kiln shell
profile.

typically reach 10-15 mm in standard-sized kilns for iron-ore pellet production. Due to
the ovality of the steel casing the lining will experience load oscillations during rotation
of the kiln. In a period of 24 h a kiln for iron-ore pellet production passes typically
through 2-4 thousands revolutions and the double amount of load oscillations (due to the
vertical symmetry line). This may lead to the formation of cracks and eventually to the
spalling of the refractory lining. Additionally, the bricks in the lining are forced to shift
their relative position to each other during rotation due to the ovality. This results into
opening of the brick joints, potentially leading to worsen integrity of the brick lining and
eventually to brick fall outs [10].

Relative ovality is typically presented in percent, as relative deformation to the
nominal diameter. If the deformation is known than relative ovality, ωr, is found by
Equation 1 [3].

ωr =
δv + δh
D0

· 100% (1)

Where D0 is the nominal inner diameter of the casing. A rule of thumb based on the
experience has been established suggesting that the ovality of the steel casing should not
exceed 10 % of the nominal inner diameter. This implies that a kiln with a nominal inner
diameter of 7 m should preferably not have relative ovality of more than 0.7 % [3,10].

In the case presented in Figure 6 the magnitude of largest compressive stresses in the
lining induced by the ovality of the kiln can be approximated analytically by Equation
2.
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σL = 3
δh + δv
D2

0

ELtL (2)

Where σL is the largest compressive stress induced in the inner wall of the lining, EL is
the Young’s modulus of the lining material and tL is the thickness of the lining. From
the equation can be seen that stresses increase with increased ovality, Young’s modulus
and thickness of the lining. Figure 3 graphically represents relationship between stress,
ovality, diameter and thickness of the lining with typical dimensions for large-sized rotary
kilns used in iron-ore pellet production. Young’s modulus is set to 10 GPa as the upper
bound based on our in-house data.
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Figure 3: Compressive stress dependency in the lining with respect to ovality, initial inner
diameter and thickness of the lining. Notations inside figure: 6 and 7 - initial inner diameter
(m), 200 and 250 - lining thickness (mm), 0.3 and 0.5 - relative ovality (%).

The magnitude of ovality is primely dependent on the thickness of the steel casing,
thickness of the pads, the gap between the tyre and the pads and the operating tempera-
ture. The ovality is highest near the tyres and statistically most of the repair jobs of the
lining are done close to the downhill-tyre (closest to the flame). Additionally, the ovality
of kiln is not at a permanent state but is changing with operating conditions. When the
lining is newly installed the ovality tends to be at it’s lowest point and increases after
some time. Wear of filler pads gradually increases ovality. If the lining is covered with
protective slag the effect of temperature is lowered and therefore the ovality is lowered
as well [3, 23].
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3 Method and model approach

FEM is a well-known and widely used numerical solution method based on continuum
mechanics modelling [24]. Typically, can stresses and strains of the system be evaluated
and some conclusions regarding e.g. the design can be made.

A full scale FE-model of a brick-lined rotary kiln requires large computational re-
sources. For this reason only a cross section of the rotary kiln will be studied in this work.
A model of the kiln at the position of support rollers is created. It is lined with a single
brick layer and is three dimensional. The depth of the model is 100 mm, corresponding
to the thickness of one brick. The model dimensions are shown in Figure 4.

Figure 4: Dimensions (mm) of the unstrained kiln cross section used in the FE-model.

3.1 Analytical validation of casing model

Consider a circular shell with some nominal inner diameter and wall thickness resting on
a flat ground as shown in Figure 6. When solving this statically indeterminate problem,
the vertical and horizontal displacements caused by gravity force can analytically be
found by:

δh = 0.429
12 · ρgr4
Et2C

(3)

δv = 0.467
12 · ρgr4
Et2C

(4)

Where δh and δv are horizontal and vertical displacements respectively. Here, ρ is density,
g is standard gravity, r is the nominal inner radius, E and tC is Young’s modulus and
the thickness of the casing, respectively (SI-units).

A FE-model was created in order to evaluate this case. The case is used as a simple
validation towards analytical solution, equation (1) and (2). A comparison of deforma-
tion found by analytical and numerical solutions for different thickness and diameters of
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steel casing is graphically represented in Figure 5. The numerical response of this case
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Figure 5: Graphical representation of analytical versus numerical calculations of steel shell
deformation when: a) shell thickness (tC) varies and b) inner shell diameter (D0) varies.

corresponds well with the analytical solution. This confirms usability of the numerical
model. The assumption is made that the model can be used for the more complex load
cases, such as the case represented in Figure 4.

The mesh dependency was tested and the mesh size was decided to be approximately
25 mm for the whole model presented in this work.

3.2 Bricklaying and assembling of the FE-model

Refractory brick lining should not be regarded as one homogeneous unit of the structure.
The number of bricks (joints) in the circumference directly influences flexibility of the
refractory lining and steel casing during rotation and thermal expansion. Therefore, it is
advantageous to account every brick in a section into the model.

The quality of the brick lining is directly influenced by the skill and quality control
of the craftsmen. There is no definite way of quantifying the quality of a brick work.
Two different occasions will generate two different brick linings. In general, a good brick
lining is fitted tightly to the shell, it is not twisted and number of cut bricks is restricted.
Mortar and chims may or may not be used. In this work the bricks are added to the
model by following the edge of the shell and the neighbouring brick with a distance of less
than 0.05 mm. The brick shape used in the model can be seen in Figure 6. The model
does not include use of chims or mortar. Moreover, it does not consider compressibility
of joints, which is primarily important during thermal expansion and is therefore not
treated in this work [19,20].
As known the initial cross section of an empty steel casing is oval. Moreover, the ovality
of an empty kiln casing will gradually increase with addition of bricks. Consequently,
it is advantageous to include stress and geometry updates in order to properly reflect
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Figure 6: Brick shape (mm) used in the model. Thickness: 100 mm

position of the bricks and ovality of the kiln. Ideally the updates would be made after
every new-coming brick. In practise this would be very time consuming. In the model
presented in this work the geometry and stresses were updated in four sequences. 86
bricks were used in the circumference and an additional cut brick. See Figure 7 for the
illustration of the bricklaying sequences of the chosen kiln cross-section. The model was
constrained in z-translational and x- and y-rotational degrees of freedom.

3.3 Description of case studies

After assembling, the model was evaluated and tested in three studies, all in cold state.
Study 1. A comparison between two material models in the definition of bricks is made
- a purely elastic material model and a predefined concrete material model. Also, a
comparison between an elastic and a rigid riding tyre is made. The purpose is to proof
that the model can be simplified by using purely elastic material model for the bricks
and a rigid riding tyre. A model using 35 mm thick filler pads is used for this purpose.
The evaluation is based on the results from static and dynamic (1 revolution at 0.2 rpm)
loading.
Study 2. Models with 35 mm, 25 mm and 40 mm thick filler pads are compared in static
and dynamic loading (5 revolutions). Bricks are defined by elastic material model, the
riding tyre is rigid. The rotation is made at two speeds: 0.2 rpm - a typical maintenance
speed and 2 rpm - a typical production rate. Smoothly accelerated in both cases. The
purpose of this evaluation is to simulate ovality variation and a severe thickness reduction
of the pads due to abrasion but also to provoke brick movement in the model due to
increased distortion of the casing. Note: Rotation at 2 rpm in cold condition is not,
generally, applied to a typical rotary kiln, however, the idea is to provoke a worse case
scenario.
Study 3. In this part Young’s modulus of the bricks and friction between the bricks is
varied for the model using 35 mm thick filler pads. The cases are evaluated on the results
from dynamic loading (1 revolution at 0.2 and 2 rpm). The purpose of this evaluation is to
study expected variation of results due to large heterogeneity of the material properties.
Furthermore, in the case of the variation of the friction coefficients, the authors cannot
confirm that the extremes are fully realistic. However, the purpose is to validate the
importance of the factors prior eventual experimental testing.
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Figure 7: Illustration of the bricklaying sequences. a) Gravity load applied to the shell, followed
by sequenced brick laying (b), c) and d)) with geometry and stress updates in-between.

The static loading was evaluated in terms of: vertical and horizontal distortion of
the casing (δv and δh); relative ovality of the casing (ωr); the gap between the pads and
the tyre at the twelve-o’clock-position (ΔR, see Figure 8); and maximum effective von
Mises stress experienced by the brick lining (σeff

max). The dynamic loading was evaluated
in terms of: effective von-Mises stress during rotation; by continuously tracing the gap
between the bricks and the shell (Δi); and termination time (TT ) for Study 1. An
integrity coefficient,K, is introduced in order to quantify the overall status of the brick
lining based on the brick displacement.

3.4 Numerical model specifications

All parts in the model were build with selective reduced fully integrated solid elements
- mesh size approximately 25 mm. The model’s depth corresponds to the thickness of
the brick, 100 mm. Total number of elements in the model with elastic riding tyre is
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approximately 151,000 and 57,000 in the model with rigid riding tyre. Support rollers
are modelled as rigid bodies. The pads and the casing are modelled with purely elastic
material, defined by typical low-alloy steel properties. The pads are attached to the
casing using nodal rigid bodies. The riding tyre is either elastic or rigid. The bricks
use either elastic or predefined concrete material model, depending on the study. Bulk
density of the brick material was set to 2700 kg/m3 [25], Young’s modulus to 2.5, 5 or
10 GPa (based on the in-house measurements [26]) for the elastic bricks and Poisson’s
ratio to 0.15 [27]. Additionally, cold compression strength was set to 70 MPa [25] and
maximum aggregate size to 5 mm [4] in the predefined concrete material model. The
contact between parts was defined by mortar, penalty based segment-to-segment contact.
The dynamic and static friction coefficients of brick-to-brick contact are both set to the
same value of either 0.4, 0.75 [28] or 1.2 depending on the study, and for brick-to-casing
and casing-to-tyre contacts to 0.5. The friction coefficients in support roller-riding tyre
contact is set to 0.7. The rotation of the kiln is onset by prescribed rigid body motion,
either by the rotation of rigid support rollers or the rigid riding tyre. Implicit integration
is used for the numerical calculation. All the studied cases presented in Section 4 were
solved on 16 CPUs using massively parallel processing (MPP).

4 Results and Discussion

An example of a zoom-in of the upper part of a model after static loading can be seen
in Figure 8. All models have, after static loading, a gap between bricks and the casing
(shell), the largest gap is at 12 o’clock position which reduces radially until full contact
at approximately 10 and 2 o’clock positions. The reason behind this choice is to provoke
a worse case scenario - a loose brick lining. The gap between the bricks and the casing
(Δi is continuously measured by tracing one selected node on each brick to the closest
point on the casing, illustrated in Figure 8. The bricks are identified by counting counter-
clockwise starting with the brick placed at the six o’clock position in the initial stage.

ΔRΔi

x

y

z

Figure 8: Zoom-in of the upper part of a model after applied gravity load. A gap between the
filler pads and the riding tyre (ΔR), and the bricks and the casing (Δi) is revealed. The black
dots denotes traced nodes of each brick. Numbering denotes bricks’ identification number (ID).



4. Results and Discussion 15

4.1 Study 1. A predefined concrete material model vs. purely
elastic material model. Elastic riding tyre vs. rigid riding
tyre.

4.1.1 Static loading

Table 1 summarizes the results of static loading of the four studied cases. Young’s
modulus is set to 10 GPa and friction between the bricks to 0.75. The results indicate
that the distortion (δh, δv, ωr,ΔR) of the casing is affected by the choice of the riding
tyre but not the choice of the material model. The distortion is < 10% lower when using
rigid riding tyre, case 1 and 3. Furthermore, it is found that maximum effective von
Mises stress in the brick lining is affected by the choice of the material model but not
the choice of the riding tyre. The maximum effective von-Mises stress is 40 % higher
when using predefined concrete model, case 3 and 4. The reason to this is a, per default,
higher Young’s modulus used in the predefined concrete material model. Furthermore,
the ωr and ΔR, which are related to the δv and δh, vary inconsiderably.

Table 1: Results from static and dynamic (one revolution) loading of the model using 35 mm
thick filler pads - brick material model and riding tyre type varied.

Static Dynamic

δv δh ωr ΔR σeff
max TT

Brick model Tyre Case (mm) (mm) % (mm) MPa (h)

elastic
rigid 1 13.3 14.5 0.4 36.7 0.5 17
elastic 2 14.1 15.4 0.43 35.4 0.5 29.4

concrete
rigid 3 13.2 14.4 0.4 36.8 0.7 20.5
elastic 4 14 15.3 0.43 35.5 0.7 56.7

4.1.2 Dynamic loading

Figure 9 shows results from dynamic loading in terms of bricks’ distance to the shell
during one revolution. It is noticed that the choice of the riding tyre is not affecting
bricks’ distance to the shell. However, the gap is affected by the choice of the material
model of the bricks. The choice of predefined concrete material model gives a stiffer
response, case 3 and 4. The distance to the shell is approximately 30 % lower when using
concrete material model. This is in correlation with the higher effective stresses found
previously.

The CPU-time of the calculations (TT ) was affected by both the choice of the
material model and the choice of the riding tyre, see Table 1. Case 1 had 3.3 times
shorter computational time (1 revolution at 0.2 rpm) compared with case 4.
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Figure 9: Brick-to-shell distance recorded during dynamic loading (one revolution at 0.2 rpm)
of the model using 35 mm thick pads. Brick material model and riding tyre type varied.

Further studied cases will use elastic material model in the definition of the bricks
and a rigid riding tyre - case 1. The motivation behind this, after comparing the four
different cases, is that: there is no reason to choose a more advanced concrete material
model; the difference in computational time is considerable while the stresses in the
brick lining are not significant and the distortion of the casing is comparable. Figure
10 represents comparison of fringe levels of effective von-Mises stress for cases 1 and 4 -
the simplified and the assumed most realistic case among the studied cases. It is noticed
that the distribution of the stress is similar. Moreover, maximum effective stress in the
casing reaches approximately 24 MPa in both cases.

4.2 Study 2. Static and dynamic loading of models using 35
mm, 25 mm and 40 mm thick filler pads

In this study the Young’s modulus is set to 10 GPa and friction between the bricks to
0.75. The purpose of this evaluation is to study load state of the lining and to provoke
position shifting of the bricks when varying ovality.

4.2.1 Static loading

Table 2 summarizes the results of static loading of the three cases. It is noticed that
the distortion (δh, δv, ωr,ΔR) is affected rather significantly by the decreasing filler pad
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a) b)

c) d)

Figure 10: Fringe levels and distribution of effective von Mises stress in static case of: a) case
4. b) case 1. c) case 4 - brick lining only. d) case 1 - brick lining only.

thickness. The relative ovality is increased by approximately 50 % when decreasing pad
thickness from 40 mm to 35 mm and 35 mm to 25 mm respectively. The maximum
effective stress in the brick lining was found to be around 0.5 MPa and is insignificantly
affected by the increased distortion of the casing. This is in coherence with work of
Steinbiss [29] who experimentally measured compressive stress in a lining to 0.4 MPa
in a cement kiln in cold conditions. It is noticed that the analytical calculations of the
maximum stress in the brick lining, found by Equation 2 and graphically presented in
Figure 3, are one degree of order larger and probably overestimate the maximum stress.



18 Paper A

This is partly because the analytical solution does not take into account the effect of
brick joints that lower the stiffness of the lining. Additionally, in-house measurements
by a shell-tester confirmed that the relative ovality (ωr) for the model using 35 mm thick
filler pads found in this study corresponds very well with the measurement performed on
the real kiln of the same dimension.

Table 2: Results from static loading of the models using 35, 25 and 40 mm thick filler pads.

Pad thickness (mm) δv (mm) δh (mm) ωr (%) ΔR (mm) σeff
max (MPa)

40 8.9 9.7 0.27 22 0.45
35 13.3 14.5 0.4 36.7 0.5
25 19.8 21.1 0.6 63.8 0.5

4.2.2 Dynamic loading

Brick displacement Figure 12 shows evolvement of the gap between the bricks and
the casing from dynamic loading at two different rotational speeds (2 and 0.2 rpm) during
5 revolutions. From the graphs can be seen that at the lower rotational speed the gap is
stable and comparable for the three cases. The varied ovality does not have a significant
effect at this speed. The bricks initially positioned at 12 o’clock (ID 40-45) tend to have
slightly larger gap to the shell through the five revolutions. The maximum gap is around
20 mm large. At speed of 2 rpm the gap is irregular. The maximum gap values are
increased with higher speed and thinner pads. Gap up to 80 mm is noticed for the case
using 25 mm thick filler pads, while for the pads using 35 and 40 mm thick pads the gap
is approximately 40 mm at the most. An example of brick shifting seen in the models
is presented in Figure 11. This illustrates the importance of having a tight brick lining
and avoiding careless rotation under cold conditions before the thermal expansion leads
to proper self-locking of the brick lining.
At this stage we introduce an integrity coefficient, K, in order to quantify the general
status of the brick lining based on brick-to-shell gaps:

K =
1

3

[
(RΔ

mean)
∧
(Rs

mean,i) + (RΔ
mean)

∧
(Rs

mean) + (RΔ
max)

∧(Rs
max)

]
(5)

Where RΔ coefficients describe the size of the gaps in relation to the thickness of the
lining (t). Rs coefficients describe the integrity of the brick lining based on the standard
deviation of the results. K = 1 means no gap is existing, K = 2 theoretically means that
every brick has reached critical gap, here defined as t/2, and that average and maximum
size of the gaps coincide. In practice values of 1.2 already indicate that the lining is not
stable. Notice that the integrity coefficient does not capture behaviour of an individual
brick but only the overall integrity of the lining. Definition of the coefficients follows
below:
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RΔ
mean is a relation between the average gap for all the bricks (Δmean) and half of

the thickness off the lining (t/2):

RΔ
mean = 1 +

2

t · n
∑

Δmean,i = 1 +
2

t
Δmean (6)

n is number of the bricks and Δmean,i is the mean gap of an individual brick.
RΔ

max is a relation between the average of maximum gap of all the bricks (Δmax) and
half of the thickness off the lining:

RΔ
max = 1 +

2

t · n
∑

Δmax,i = 1 +
2

t
Δmax (7)

Rs
mean,i is a relation between one standard deviation of the gap of every individual

brick (smean,i) and the brick’s individual mean gap (Δmean,i):

Rs
mean,i =

1

n

∑ Δmean,i + smean,i

Δmean,i

(8)

Rs
mean is a relation between one standard deviation of average gap for all bricks

(smean) and the average gap for all the bricks (Δmean):

Rs
mean =

∑ Δmean + smean

Δmean

(9)

Rs
max is a relation between one standard deviation of average maximum gap for all

bricks (smax) and the average maximum gap for all the bricks (Δmax):

Rs
max =

∑ Δmax + smax

Δmax

(10)

In Figure 12 can be found the calculated integrity coefficients of the presented cases.
It explicitly reveals the relative differences between the cases. In overall, cases a-e) are
similar and could be interpreted as stable, while case f) as unstable. The reader should
evaluate the results qualitatively since no criterion for unstable brick lining is defined.

Stress state Figure 13 shows measured effective von-Mises stress in one element of
each brick during 5 revolutions. The element is located in the center of the brick at the
face closest to the casing. The results are plotted in frequency of one plot per second for
0.2 rpm-cases and one plot every 10th second for 2 rpm-cases. At 0.2 rpm the stresses in
the brick lining are stable and comparable to the stress level in static situation (maximum
stresses approximately 0.5 MPa) - subfigure a), c) and e). Rotation at 2 rpm results in
somewhat increased stresses in the brick lining. In overall the stresses are low in all the
models - subfigure b), d) and f). The maximum von-Mises stresses where chosen to be
neglected since some contact problems where noticed at high rotational speed resulting
in quick and high load peaks. It is concluded that stresses are of low interest to study
and will therefore not be presented in the rest of the work.
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Figure 11: Freeze image representing example of bricks’ position after 4 revolutions. Rotation
speed 2 rpm, filler pad thickness 35 mm.
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Figure 12: Brick-to-shell distance recorded during dynamic loading (5 revolutions at 2 and 0.2
rpm) of the models using 40, 35 and 25 mm thick filler pads, case 1.

4.3 Study 3. Influence of Young’s modulus and friction coeffi-
cient.

Figure 14 shows brick displacements while varying Young’s modulus (2.5, 5 and 10 GPa).
It is noticed that displacement of the bricks increases with decreased Young’s modulus.
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Figure 13: Effective von-Mises stress recorded during dynamic loading (5 revolutions at 2 and
0.2 rpm) of the models using 40, 35 and 25 mm thick filler pads, case 1.

The same trend is visible at lower and higher rotational speed.
Figure 15 shows brick displacements while varying friction coefficient (0.4, 0.75 and

1.2) between the bricks. It can be concluded that variation of friction has insignificant
influence on the displacement of the bricks, independent of the rotational speed.
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Figure 14: Brick-to-shell distance recorded during dynamic loading (1 revolution at 0.2 and 2
rpm). Filler pads thickness: 35 mm; E: 2.5, 5 and 10 GPa; μ: 0.75.
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Figure 15: Brick-to-shell distance recorded during dynamic loading (1 revolution at 0.2 and 2
rpm). Filler pads thickness: 35 mm; E:10 GPa; μ: 0.4, 0.75 and 1.2.



5. Conclusions 23

5 Conclusions

Due to the size of the kiln and the working environment (e.g. high temperatures) it is
often difficult to perform measurements or observe the kiln. Therefore, it is advantageous
and desirable to create a model for understanding of a kiln. Rotary kiln is a fairly simple
design. Nevertheless, it is a difficult task to create a realistic model of it. It would be
unrepresentative to scale down the task, thus the large size of the rotary kiln leads to a
demanding model in terms of needed computational power. Additionally, the large num-
ber of bricks creates a heavy contact task. Thus, it is important to create an effective
model.
In this work a model of a cross section of a rotary kiln at the position of rollers was cre-
ated. Ovality of the casing was approximated and a bricklaying method was proposed.
The efficiency of the model was studied and a simplified model was justified. The sim-
plified model was based on using purely elastic material model in the definition of bricks
and using a rigid riding tyre. This choice reduces the computational time threefold for
the presented cases, without significantly affecting the output of the model.
Distortion of the casing, brick displacement and effective von Mises stresses were eval-
uated in static and dynamic loading in cold state at two different rotational speeds for
models using three different pad thickness resulting in affected ovality of the casing. It
can be concluded that in static load and at rotational speed of 0.2 rpm the brick lining
did not experience critical situations for all cases of relative ovality in terms of effective
von-Mises stresses and it’s integrity. We can also remark that the traditional analytical
approximation of stress in the brick lining, as presented in Figure 2, gives considerably
higher stress than the numerical results. Consideration of joints in the numerical model
is probably the reason for this.
At rotational speed of 2 rpm the integrity of the lining was less stable and severity in-
creased with higher relative ovality. The out-of-shell displacement of the bricks was up
to 40 mm for casings of relative ovality of 0.27 and 0.4 %, and up to 80 mm for casing of
relative ovality of 0.6 %. The effective von-Mises stresses in the lining remained low also
at high rotational speed for all the models. We could conclude that stress evaluation was
of low interest in further presented cases.
We could also conclude that friction between the bricks has insignificant influence on the
integrity of the lining. However, lowered Young’s modulus of the bricks affected integrity
of the lining negatively.
Integration coefficient, K, was implemented for comparison between related cases. With
its help the cases could be evaluated quantitatively. With more studies, a limit for an
unstable lining could be defined.
It should be emphasized that most of its life the rotary kiln is in hot state with differ-
ent conditions compared to cold state. The intention of this work was not to directly
interpolate the findings from cold state into hot conditions, even though some results are
useful. The method itself is of value in future work that will include the kiln in hot state.



24 Paper A

6 Acknowledgments

LKAB (Luossavaara-Kiirunavaara Aktiebolag) is gratefully acknowledged for the finan-
cial support of this work.

References

[1] M. F. Ashby, Materials and the Environment : Eco-informed Material Choice, ser.
ISBN: 9780080884486. Butterworth-Heinemann, 2009.

[2] World Steel Association, World Steel in Figures.

[3] J. Saxena, The Rotary Cement Kiln, ser. ISBN: 8188305952. Tech Books Interna-
tional, 2009.

[4] J. Stjernberg, M.-L. Antti, L.-O. Nordin, and M. Oden, “Degradation of refractory
bricks used as thermal insulation in rotary kilns for iron ore pellet production,”
International Journal of Applied Ceramic Technology, vol. 6, pp. 717–726, 2009.

[5] J. Stjernberg, B. Lindblom, J. Wikstrom, M.-L. Antti, and O. M, “Microstructural
characterization of alkali metal mediated high temperature reactions in mullite based
refractories,” Ceramics International, vol. 36, pp. 733–740, 2010.

[6] J. Stjernberg, J. Ion, M.-L. Antti, L.-O. Nordin, B. Lindblom, and M. Oden, “Ex-
tended studies of degradation mechanisms in refractory lining of a rotary kiln for
iron ore production,” Journal of the European Ceramic Society, pp. 1519–1528, 2012.

[7] F. Herz, I. Mitov, E. Specht, and R. Stanev, “Influence of operational parameters
and material properties on the contact heat transfer in rotary kilns,” International
Journal of Heat and Mass Transfer, vol. 55, no. 25–26, pp. 7941 – 7948, 2012.

[8] V. Shubin, “Design and service conditions of the refractory lining for rotary kiln,”
Refractories and Industrial Ceramics, vol. 42, pp. 130–136, 2001.

[9] ——, “The effect of temperature on the lining of rotary cement kilns,” Refractories
and Industrial Ceramics, vol. 42, pp. 45–50, 2001.

[10] ——, “Mechanical effects on the lining of rotary cement kilns,” Refractories and
Industrial Ceramics, vol. 42, pp. 245–250, 2001.

[11] ——, “Thermal effects on the lining of rotary cement kilns (in russian),” Ogneupory
i Tekhnicheskaya Keramika, vol. 4, pp. 40–47, 2001.

[12] Deutsche Gesellschaft. Feauerfest- und Schornsteinbau e.V., Refractory Engineering.
Materials - Design - Construction, ser. ISBN: 3-8027-3155-7. Vulan-Verlag Essen,
2004.



References 25

[13] M. Como, Statics of Historic Masonry Constructions. Springer.

[14] F. Damhof, W. Brekelmans, and M. Geers, “Predictive fem simulation of thermal
shock damage in the refractory lining of steelmaking installations,” Journal of Ma-
terials Processing Technology, vol. 211, pp. 2091–2105, 2011.

[15] T. Auer, D. Gruber, H. Harmuth, and A. Triessnig, “Numerical investigations of
mechanical behaviour of refractories,” in Proceddings of UNITECR 05, 2005, pp.
985–989.

[16] H. Harmuth, C. Manhart, T. Auer, and D. Gruber, “Fracture mechanical character-
isation of refractories and application for assessment and simulation of the thermal
shock behaviour,” Ceramic Forum International, vol. 84, pp. 80–84, 2007.

[17] K. Andreev and H. Harmuth, “Fem simulation of the thermo-mechanical behaviour
and failure of refractories- a case study,” Journal of Materials Processing Technology,
vol. 143-144, pp. 72–77, 2003.

[18] D. Gruber, K. Andreev, and H. Harmuth, “Fem simulation of the thermomechanical
behaviour of the refractory lining of a blast furnace,” Journal of Materials Processing
Technology, vol. 155-156, pp. 1539–1543, 2004.

[19] K. Andreev, S. Sinnema, A. Rekik, S. Allaoui, and E. Blond, “Compressive behaviour
of dry joints in refractory ceramic masonry,” Construction and Building Materials,
vol. 34, pp. 402–408, 2012.

[20] K. Andreev, S. Sinnema, A. Rekik, E. Blond, and A. Gasser, “Effects of dry joints
on compressive behaviur of refractory linings,” Interceram, pp. 63–66, 2012.
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Characterization of high-alumina refractory bricks

and modelling of hot rotary kiln behaviour

Dmitrij Ramanenka, Marta-Lena Antti, Gustaf Gustafsson and Pär Jonsén

Abstract

Rotary kilns for iron-ore pellets production are highly dependent on a well-functioning
refractory brick lining. To improve the long-term capability of the lining, in-situ obser-
vations of the bricks’ performance are desired, however, the high process temperatures
and the size of the kiln make it difficult to study the lining during operation. By using
numerical simulations as a tool, some of the problems encountered by the brick lining can
be studied. Knowing material properties of the refractory bricks as input in a numerical
model is therefore necessary. However, material properties are poorly documented for
this type of materials, especially, at elevated temperatures. In this work three commercial
aluminasilicate bricks were tested in compression until failure for a temperature range
of 25-1300 ◦C. The purpose was to evaluate compression strength and Young’s modulus
in compression of the fully burned bricks at a wide range of temperatures. The data
was later used for modelling of a hot rotary kiln lined with bricks by using the finite
element method, whereupon load state of the lining was evaluated at steady state after
the expansion of the system. The objective of the numerical modelling was to investigate
trustworthiness of the model and to give insight into the stress levels that can poten-
tially arise. It was found that for all of the investigated brick types the compression
strength increased with increased temperature, having a peak in the vicinity of 1000 ◦C.
The maximum increase was between 50 to 150 % for the different brick types. After
passing 1100 ◦C the compression strength rapidly and considerably decreased below its
as-received compression strength. Young’s modulus was measured to vary between 2
to 10 GPa in the range of up to 1000 ◦C. The numerical results indicate that severe
boundary conditions (expansion of the lining is highly restricted) can potentially lead to
compression stress of up to 34 MPa in the brick lining at steady state. However, at these
boundary conditions the present tensile stress was only 0.5 MPa, while tensile stresses
of close to 3 MPa could be observed in the lining with mild boundary conditions. The
authors conclude that the created model is trustworthy and that it has high potential for
being used as a tool in further investigations of the lining in hot state.

1 Introduction

Ceramic refractory materials have been used as barriers between hot and relatively cold
zones for thousands of years and are still of great importance for mankind. This is

29
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especially noticed in the production of cement and iron − two of the most produced
materials on Earth [1, 2]. Without insulating properties of refractories these and many
other processes would not have been possible.

Manufacturing of iron-ore pellets is commonly made in the grate-kiln process [3]
where sintering of the pellets is performed in a refractory lined rotary kiln. The kiln
is a large cylinder-formed furnace rotating about its axis with typical dimensions of 30-
45 m in length and 5-8 m in diameter, and operating at temperatures of up to 1350
◦C, see Figure 1. High-alumina refractory bricks are commonly used in the lining [4].
The service conditions inside the kiln are rough − requiring chemical, mechanical and
thermal resistance of the bricks. Damage of the bricks is inevitable and regularly planned
maintenance is needed. However, unplanned emergency stops due to failure of the lining
are frequent. The need of slow cooling prior to the repairing followed by slow heating of
the kiln, makes the process of maintenance time consuming (5-14 days) and expensive. A
single kiln is commonly responsible for a large part of the company’s production capacity,
possibly the company’s total capacity − therefore, it is important to minimize the risk
of unplanned shut-downs.

There have been many improvements of rotary kilns in the last century regarding
production capacity, reliability, energy efficiency and improved material properties of the
lining [5]. Nevertheless, despite the improvements there are some gaps in knowledge
behind mechanisms of the failure of the lining. An explanation to this is the difficulty
to observe or study a kiln due to its size and harsh environment. Stjernberg et. al.
has contributed to the increase of the knowledge regarding chemical degradation of the
aluminasilicate bricks [6–8]. Boateng [9], Saxena [5, 10] and Schacht [11] are noticeable
in the literature regarding rotary kilns. Shubin [12–15] gives valuable series of scientific
papers on the subject of cement kilns with some focus on analytical calculations. Au-
thors in [16] perform a rigorous work about refractory engineering covering description
of materials, design theory, practical principles and more.

Today, computers can be of a great help for studying various issues without causing
production delays, risking failures, or being limited by the extreme conditions found in
a rotary kiln. However, academic research in this field has stagnated and very little
documentation can be found regarding finite element analysis of the lining, especially of
the thermo-mechanical character.

To numerically reproduce lining behaviour at production conditions it is necessary
to know material properties of the lining as input for a numerical model. In this work
three commercial alumina silicate brick types are tested in compression until failure in
the range of 25-1300 ◦C. The purpose is to evaluate compression strength and Young’s
modulus of the bricks at elevated temperatures. The obtained data is used for numerical
modelling of a rotary kiln at production temperature. The purpose of this part is to
evaluate the load state of the brick lining in a rotary kiln after thermal expansion of
the system. The model used in this work is based on a previous study [17] and can
be regarded as a link from cold state analysis to hot state analysis. Contribution to
the field are the rarely conducted high temperature tests for this type of materials and
finite element simulation of the brick lining in a hot rotary kiln that has, to the authors’
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Figure 1: Illustration of a typical short dry-kiln used in iron-ore pellets industry (true propor-
tions).

knowledge, never been reported before.

2 Materials

Three as-received brick qualities with trade names Victor HWM, Silox 60 and Alex
were tested. These are high-alumina bricks [4] manufactured on the base of different
raw materials. Victor HWM is based on bauxite, Silox 60 on andalusite and Alex on
chamotte reinforced with bauxite. From here on Victor HWM, Silox 60 and Alex will
be denoted as brick 1, brick 2 and brick 3, respectively. Table 1 summarizes some
of the material properties and main chemical constituents found in the final burned
products. Figure 2 represents optical light microscope and QEMSCAN (Quantitative

Table 1: Summary of brick properties provided by the manufacturer [18]. (AP - apparent
porosity; CCS - cold compression strength).

Material properties Constituents (wt%)

ρ (g/cm3) AP (%) CCS (MPa) Al2O3 SiO2 T iO2 Fe2O3 CaO Alkalis

Brick 1 2.7 (2.65-2.75) 18 (17-21) 80 (60-100) 79 17 2.2 1 0.2 0.5
Brick 2 2.45 (2.40-2.50) 17 (15-19) 70 (50-90) 59 37 1.5 0.9 0.1 0.5
Brick 3 2.33 (2.25-2.40) 19 (17-21) 50 (30-70) 54 40 2.1 1.4 0.3 1.3

Evaluation of Minerals by SCANning electron microscopy) images of the brick samples.
The later showing distribution of mineral phases in the samples (previously reported by
Stjernberg [19]). Brick 1 is dominated by corundum (α − Al2O3), brick 2 by mullite
(Al6Si2O13; commonly notated as 3:2 mullite, 3Al2O3 · 2SiO2) and brick 3 is primarily
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a blend of the mentioned phases. Also, unburned andalusite (Al2SiO5) can be found in
brick 2 and brick 3.
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Figure 2: Light microscope (a-c) and QemScan (d-f) images (not correlated) of brick 1 (a, d),
brick 2 (b, e) and brick 3 (c, f). * denotes mullite with low aluminium content.

According to the manufacturer brick 1, brick 2 and brick 3 contain 8-10, 14-16
and 19-20 wt% glassy phase, respectively. The size of the distinguishable grains present
in the material at the macroscale is up to 5 mm, where the large grains are lumps of
smaller grains (microscale). Most of the glassy phase is present in the matrix between
the grains at the macroscale, see SEM (Scanning Electron Microscope) images in Figure
3. Mullite grains (microscale), however, have a tendency to trap amorphous silica after
transformation from andalusite [20]; which, has also been observed in this work, see
Figure 3c.

3 Method and Experimental procedure

3.1 High temperature compression tests

In this work a test methodology for performance of hot crushing tests was developed.
In order to define the methodology, standards for cold crushing strength (CCS) tests,
hot modulus of rupture (MOR) tests and recommendations from another work were
advised [21–24].

The compression tests were performed on a screw-driven universal testing machine
(Dartec) equipped with a 100 kN load cell (Instron) and a water jacketed furnace (Severn
Science Limited, max temp. 1500 ◦C). The experimental set-up is illustrated in Figure
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Figure 3: SEM images of: a) Glass-rich (partly vaporized) channels between grains (x250)
b) Lumps of small grains in a large grain (x750) c) Glass trapped in a mullite grain after
transformation from andalusite (x600).

5.

The specimens were chosen to be in the shape of cylinders with height and diameter
of 35 mm. The compression tests were conducted at: room temperature (RT), 700 ◦C,
900 ◦C, 1000 ◦C, 1100 ◦C, 1200 ◦C and 1300 ◦C. The heating rate of the samples was
300 ◦C/h up to 1000 ◦C and 150 ◦C/h after 1000 ◦C. A pre-load of 1 kN was applied
during the heating procedure in order to maintain steady contact with the sample. A
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Figure 4: Experimental set-up for high temperature compression tests: 1-Load cell; 2-Water
cooled steel supports; 3-Alumina bars; 4-Furnace; 5-Thermocouples; 6-Specimen; 7-Heating el-
ements; 8-Chamber.
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small amount of alumina powder was placed below every sample − assuming it would
contribute to an even load distribution i.e. when top and bottom faces of the samples
are not perfectly parallel. When the test temperature was reached the samples were
soaked for 2 hours and thereafter compressed until collapsed at a rate of 1 mm/min. The
subsequent cooling rate was 150 ◦C/h in all the cases. Deformation of the brick specimens
was approximated by subtracting compression of the system at a specific test temperature
from the total deformation after compressing a brick sample. For the measurement of
the system’s compression a high-density alumina dummy was used instead of the brick
specimens at the same test conditions. At these temperatures and loads high-density
alumina dummy has negligible deformation compared to the brick specimens. More
details about measuring the true deformation of the bricks can be found in section 4.1.

3.2 Finite element modelling of rotary kiln in hot state

The concept used for modelling a rotary kiln in this work is similar to the concept used
in a previously reported study [17] evaluating the kiln in cold state. In the present study
the kiln is evaluated in hot state. The commercial software LS-Dyna [25] is used for the
numerical calculations, implicit integration method is used. Mesh size of all numerical
parts in every presented case is approximately 25 mm. Only the final hot steady state
is of interest in all the studied cases − the effects of heating rate are not investigated in
this work.

3.2.1 Dimensions and material properties

Dimensions of the kiln and bricks used in the model are presented in Figure 2 and 6,
respectively.

Figure 5: Dimensions (mm) of the unstrained kiln cross section used in the FE-model.
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Figure 6: Dimensions (mm) of the brick used in the model. Depth of the brick: 100 mm.

The pads, the casing and the tyre are modelled using description of perfectly elas-
tic material, defined by typical low-alloy carbon steel properties (Young’s modulus: 205
GPa; bulk density: 7800 kg/m3 and Poisson’s ratio: 0.3). In some cases the casing of the
kiln is modelled as rigid. The support rollers are always modelled as rigid. Material prop-
erties of bricks are defined by a thermal, piecewise linear elasto-plastic material model
available in LS-Dyna (MAT 4) [25]. A summary of brick’s material properties with re-
spect to temperature is presented in Table 1. The choice of Young’s modulus, yield stress
and tangential modulus are based on the results from the compression tests performed
in this study. Properties in-between temperature ranges are linearly interpolated by the
material model. The dynamic and static friction coefficients of brick-to-brick contact are
both set to 0.75 [26]; and for brick-to-casing and casing-to-tyre contacts to 0.5.

Table 2: Summary of material properties of the bricks used as input in the model. * average
values for brick 2, see Table 3.

Temperature (◦C) 25 700 900 1000 1300

Bulk density (kg/m3) [18] 2700 2700 2700 2700 2700
Young’s modulus (GPa)* 3 7 4 2 1
Poisson’s ratio (-) [11] 0.2 0.2 0.2 0.2 0.2
Coef. of thermal expansion (×10−6K−1) [18] 6 6 6 6 6
Yield stress (MPa) 50 60 80 80 30
Tangential modulus (MPa) 100 100 100 100 50

3.2.2 Heating and temperature boundary conditions

Heating of the kiln in the model is induced by defining temperature boundary conditions,
these are illustrated in Figure 4. Hot face temperature of the bricks (1300 ◦C), exterior
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temperature of the casing (280 ◦C) and the tyre (140 ◦C) are provided by a user of the
kiln. Temperature of the pads is assumed to be the same as the exterior temperature of
the casing (280 ◦C). Inner temperature of the casing (297 ◦C) is obtained by applying
linear heat transfer relationship for two surfaces that share the same boundary. Inner
temperature of the tyre (250 ◦C) is an approximation. Thermal conductivity for brick
material and steel is set to 200 WK−1m−1 and 450 WK−1m−1, respectively. This is
approximatelly two orders of magnitude higher than in reality, and is done in order to
significantly reduce the computational time. Since only the final steady state of the
simulation is of interest in this study, the heating rate is not of importance. Linear
coefficient of thermal expansion for steel is set to 12 · 10−6K−1 [27].
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Figure 7: Temperature boundary conditions applied in the modelling of the kiln in hot state.

3.2.3 Model evaluation

Contact Contact between all numerical parts of the presented cases in this work was
defined by a mortar, penalty based segment-to-segment contact method [25]. This contact
method is specifically designed for making implicit integration method run smoother than
with traditional penalty based contact methods, typically used in explicit integration.
However, the selected contact method is more prone to penetration problems between
the numerical parts; especially, if difference of elasticity modulus between the numerical
parts is large. In order to treat the penetration problems, the SFS (Scale Factor Slave)
and SST (Slave Surface Thickness) fields of the contact input in LS-Dyna are useful. A
simple contact test was conducted and compared to analytical solution in order to confirm
that contact works properly. Figure 8 shows result of the test. The input for SFS and
SST fields where modified to 10 and 1 · 10−5, respectively. The following conditions were
applied for the two parts (solids) in contact: Young’s modulus, E = 1 GPa; temperature
increase, ΔT = 1300 ◦C; coefficient of thermal expansion, α = 6 · 10−6; displacement of
the exterior side nodes was locked in x-direction. The analytical solution to this problem
yields that stress in x-direction is: σx = E ·ΔT · α = 7.8 MPa. After revising Figure 8,
the conclusion is that the analytical and numerical results are in a very good agreement
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− numerical contact handling is proper.

�

�
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Figure 8: Test of contact response between two expanding parts. Showing stress levels (Pa) in
x-direction.

Trustworthiness of the model In this part of the section the response of the model
at a local and a global scale is investigated.

Consider a local scale − two halves of two solid bricks in contact, as shown in Figure
9. Displacement of the two parts is locked in the circumferential direction and at the
displayed bottom nodes, but is free in all other directions. At the bottom of the bricks’
boundary (vertical symmetry line), the corners are in complete contact. At the top of the
bricks’ boundary, the corners have a gap of approximately 0.127 mm between each other.
The reason for this gap is that the geometry of the bricks cannot form a perfectly closed
circle, and the gap is compensating for the thermal expansion and movement during
rotation. Temperature boundary conditions are applied to the hot and cold face of the
bricks, 1300 ◦C and 297 ◦C respectively. The bricks expand and the evolved effective
von Mises stress is evaluated after the steady state is reached. The results show that
maximum von Mises stress reaches approximately 26.8 MPa at a depth of about 150 mm.
The stress is a compressive stress, acting in the circumferential direction.

Now, consider a global scale − a simplified rotary kiln model consisting of one brick
layer and a rigid casing only, as shown in Figure 10a. The bricks are in contact without an
initial gap between each other or the casing. The same temperature boundary conditions
as at the local scale are applied. No gravity is applied and the remaining geometrical
boundary conditions are the same as at the local scale. In conclusion, if the model works
properly the evolved effective von Mises stress should be the same as at the local scale.

Figure 10b presents effective von Mises stress in the brick lining of the simplified
rotary kiln at steady state after expansion. The maximum effective von Mises stress
reach approximately 26.6 MPa. After regarding the results at the local and the global
scale it can be concluded that the model gives nearly the same response in both cases −
trustworthiness of the model is satisfactory for further use.

In section 4.2 further investigations are performed. Stress limits for different bound-
ary conditions for the simplified rotary kiln are found. The purpose of this is to define
stress limits that can be used as guidance for evaluation of the more complex models.
Also, stresses in a case of a detailed and realistic model of rotary kiln are presented.
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Figure 9: Test of contact response between two expanding brick halves locked in the circum-
ferential direction and the sides of the bottom. Showing temperature and thickness scale, and
levels of effective von Mises stress (Pa) at steady state.
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Figure 10: a) Simplified version of the cross section of the kiln. Casing is rigid, no gravity is
applied. b) Result of expanding brick lining bounded by a rigid casing. Levels of effective von
Mises stress (Pa) at steady state. Displacement of brick lining is free in z-direction.

4 Results and Discussion

4.1 High temperature compression tests

In the previous section, 3.1, compression tests of refractory brick samples at room- and
elevated temperatures were described. The purpose was to evaluate behaviour of the
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specific bricks and find or estimate compression strength and Young’s modulus in com-
pression at different temperatures.

Figure 11 represents normalized compression strength values (figure a) and the ac-
tual measured compression strength (figure b) of the tested materials. Normalization is
relative to the bricks’ compression strength at room temperature that originates from
the same batch. The lines denote the average compression strength trend in the tested
temperature range found by piecewise polynomial interpolation. The authors are aware
that the conducted tests lack some statistical foundation, therefore the results should be
regarded as an indication only. Nevertheless, the results give a valuable insight into some
important mechanical properties that are rarely evaluated.
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Figure 11: Normalized and actual compression strength (σc) at room temperature and in the
700-1300 ◦C interval.

The general trend for the three qualities of the bricks was that compression strength
increased with rising temperature up to 900-1000 ◦C. Until this range the strength in-
creased by factor 1.5, 2 and over 2.5 for brick 1, brick 2 and brick 3 respectively. There-
after a sudden drop in strength was observed. The fastest decrease was between 1000-1100
◦C. At 1300 ◦C the strength was decreased by some 80-95 % for all the bricks compared
to theirs highest observed compression strength. Also, it was noticed that brick 1 had
the lowest variation in strength while brick 3 had the largest variation.

The considerable strength increase for the brick samples was not expected − because
of that the experimental work became limited by the capacity of the load cell (100 kN).
In order to be sure that the samples failed before reaching the capacity of the load cell,
only the samples from the batches with lowest compression strength at room temperature
were included in the tests. However, the relation in compression strength between the
batches at room temperature seemed to remain at higher temperatures. Based on this
remark the highest compression strength in the region of 900-1000 ◦C for the samples with
highest compression strength at room temperature could be estimated by extrapolation
to around 150, 190 and 180 MPa for brick 1, brick 2 and brick 3, respectively − even
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though such tests could not be conducted.

The reason for the bricks’ strength increase cannot be related to phase transforma-
tions. Possible transformations (e.g. andalusite to mullite) require higher temperatures
and/or much longer soaking time [28]. The increase is believed to be due to interlocking
effect between the phases due to mismatch of theirs coefficients of thermal expansion.
The amorphous phase (glassy phase) has up to 5-10 times lower coefficient of thermal
expansion than mullite and corundum [29].

The decrease in strength is most likely related to the softening of the glassy phase
when approaching its glass transition temperature. Figure 12b represents typical stress-
strain behaviour of bricks during compression at different temperatures. The soft part
in the beginning of the room temperature (RT) test is due to compression of the powder
below the sample, which was, as previously mentioned, used to even the load distribution.
The behaviour of the samples is quasi-brittle with a clear elastic part up to vicinities of
900 ◦C. After 1000 ◦C the behaviour is of a more ductile character. Figure 12a shows
original displacement curves for the total deformation and curves for the deformation of
the system. The deformation of the system is linear regardless of the temperature. A
factor describing how much displacement per load is coming from the contribution of
the system’s deformation can be found and used for finding the strain of the deformed
samples.
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Figure 12: Typical behaviour of compression tests at different temperatures. Here: compression
curves of brick 1 samples from the same batch. a) Original load-displacement curves. Dashed
lines represent total deformation; solid lines represent deformation of the system. b) Stress-
strain curves obtained by correcting total deformation with the deformation of the system for
each temperature.

Table 3 summarizes statical measurements of the secant Young’s modulus of the
brick samples for all the tests up to 1000 ◦C. Measurement were made in the interval
of 40 to 50 MPa. The results imply that brick 1 is the stiffer material in the whole
temperature range, while brick 3 is the softest − which is also coherent with the content
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of corundum. The tests show that Young’s modulus of bricks is in the range of 2-10 GPa
for temperatures up to 1000 ◦C. An indication of increasing and decreasing of stiffness
can be seen at 700 ◦C and 1000 ◦C, respectively. After 1000 ◦C the definition of Young’s
modulus becomes ambiguous.

Table 3: Results of Young’s modulus measurements.

Temperature (◦C)

Brick type 25 700 900 1000

Young′s modulus (GPa)
Brick 1 [4.9; 4.4; 8.6] [10.2] [5] [3.5; 2.1; 3.4]
Brick 2 [3.5; 3.0; 2.3] [10.3; 3.4] [4.9; 2.9] [2.7; 2.0; 1.7]
Brick 3 [1.8] [2.2] - [1.5]

4.2 Modelling of rotary kiln in hot state

4.2.1 Reliability

It was shown with an analytical verification that contact handling in the numerical model
was proper, see section 3.2.3. Considerably lower computational time can be obtained by
increasing the input in the SST field if a larger portion of penetration can be accepted.
This feature could also be potentially useful for simple representation of degrading of the
brick material − the higher penetration, the higher degrading of the bricks is represented.

Further step in demonstrating reliability of the model was taken by showing that
the response of the model at global and local scale was the same for the same boundary
conditions, see section 3.2.3. This result increases trustworthiness of the model and makes
output from models of higher complexity more reliable.

4.2.2 Stress limits

In this section different cases of boundary conditions applied to the simplified rotary kiln
are investigated. The objective is to find the maximum stress levels of the worse case
scenarios. The results can be used as a support in the evaluation of the output from the
more complex models and cases.

Four worst case scenarios are considered: The casing is either rigid or elastic with
applied temperature boundary conditions (297 ◦C at the hot face and 280 ◦C at the cold
face of the casing). The brick lining is either free or locked in the axial direction of the
kiln (z-direction, see Figure 10). Temperature boundary conditions for the brick lining
are the same in all cases, 1300 ◦C at the hot face and 297 ◦C at the cold face of the lining.
No gravity is applied in any case.

Figure 13 shows the levels of effective von Mises stress developed in the expanded



42 Paper B

brick lining of the simplified rotary kiln bounded by a rigid casing. The brick lining is
either free (figure a) or locked (figure b) in the axial direction of the kiln. It is shown
that the effective von Mises stress reaches approximately 27 MPa in the expanding brick
lining when the casing is rigid and the brick lining is free. Furthermore, the effective von
Mises stress increases to some 34 MPa (tensile part below 0.5 MPa) when the expansion
of the lining is locked in the axial direction of the kiln. Naturally, the casing is not rigid
in reality and expands during controlled heating. However, when the brick lining is e.g.
subjected to very fast heating it approaches the situation presented by these results. It
is understood that the maximum stress obtained from any future model should not be
higher than the limits obtained here, unless there are conditions that can explain the
opposite.

Figure 14 shows the levels of effective von Mises stress developed in the expanding
brick lining bounded by an elastic casing. The brick lining is either free (figure a) or
locked (figure b) in the axial direction of the kiln. It is noted that with an expanding
casing the effective von Mises stress in the brick lining drops from previous 27 MPa (rigid
casing) to approximately 7 MPa for the case where displacement of the brick lining is free
in the axial direction of the rotary kiln. In the case when brick displacement is locked
in the axial direction the effective von Mises stress reaches roughly 27 MPa in the brick
lining. It shows that consideration of realistic boundary conditions in the axial direction
is of importance since its contribution to the stresses is large.

4.2.3 Detailed rotary kiln model − stress investigation

In the previous sections, the simplified models were used in order to investigate reliabil-
ity of the main model concept and to find reliable stress limits in order to facilitate the
evaluation of results from the more complex models. In this section, stresses in the brick
lining of a more detailed rotary kiln model will be investigated.

The model geometry consists of identical details as appear in Figure 2, i.e. not only
brick lining and the casing, but the pads, the riding tyre and the support wheels are
considered in the model. The thermal boundary conditions are as shown in Figure 4.
Gravity force is active. Brick layering is performed in two steps. Firstly, gravity load is
applied to an empty rotary kiln and later on the bricks are positioned into the oval (de-
formed) form of the casing. Details on the ovality can be found in the previously reported
work, [17]. The hinge between the brick lining and the casing, Δh, is approximately 8
mm prior to the heating, representing a more realistic situation than a completely tight
contact. The gap between the pads and the riding tyre, ΔR, is approximately 36 mm
prior to the heating. See Figure 3 for visualization. After expansion of the system the
hinge,Δh, is closed and the gap, ΔR, is decreased to 21 mm.

Figure 16 shows distribution of the effective von Mises stress in the brick lining after
expansion of the system. Maximum stress reaches approximately 7.2 MPa, that is in the
vicinity of what was found by the simplified model for similar boundary conditions. In
order to examine the nature of the stress, the 1st and 3rd principal stresses are plotted,
see Figure 17. It is found that maximum tensile stress in the brick lining is approximately
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a)

b)

Figure 13: Results of expanding brick lining bounded by a rigid casing showing levels of effective
von Mises stress (Pa) at steady state. a) Displacement of brick lining is free in z-direction. b)
Displacement of brick lining is locked in z-direction.

2.7 MPa. The highest levels are located in the contact with the casing at the bottom
of the kiln and in the middle of the brick-to-brick contact at the horizontal center line
of the kiln, see detailed view of Figure 17a. Knowing that the tensile strength of many
ceramic materials is typically in the range of 1/10 of the compression strength it is under-
stood that this requires further attention in future work. Furthermore, it is found that
the highest levels of compressive stress in the brick lining are at the bottom of the kiln,
reaching approximately 7 MPa − which is a healthy margin to the bricks’ compression
strength.
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a)a)

b)

Figure 14: Results of expanding brick lining bounded by an elastic casing showing levels of
effective von Mises stress (Pa) at steady state. a) Displacement of brick lining is free in z-
direction. b) Displacement of brick lining is locked in z-direction.

Authors are aware that the material tests conducted in this work lack some statis-
tical certainty and that the performed material tests with a larger amount of samples
would in hence the reliability of the results. Nevertheless, the results give a good indi-
cation of the range of the material properties to be expected − which, due to the highly
heterogeneous nature of the bricks, is the most important to know for the current appli-
cation of the materials. The main challenge in the testing of brick materials was to make
a fair comparison between the results. Since the nominal material properties fluctuate
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Δh
ΔR

Figure 15: Gap between the brick lining and the casing, Δh, and between the pads and the riding
tyre, ΔR, prior to the heating. Meshing is presented in the left image.

considerably between different bricks and only a limited number of samples can be ex-
tracted from one brick it is important to make a relevant comparison. One good way is to
normalize the results for the samples coming from the same batch only. However, in this
work we assumed that material properties from the same brick are the same for all the
samples. This can potentially be a source of error. Due to the nature of the materials,
the material properties might vary not only between the different bricks but also between
the samples taken from the same single brick. This has not been investigated.

The main obstacle in the creation of the model for hot rotary kiln was to confirm the
reliability of the model’s response. This included first of all a correct contact treatment
followed by logical series of simple but trustworthy tests, such as analytical verification
and validation at a local, and at a global scale. The strength of the numerical results
presented in this work is the visualization of the load state in the hot brick lining bounded
by varied boundary conditions − which, to the authors’ knowledge, has yet not been
reported.

Furthermore, it is important to stress that all the numerical results presented in
this work regard steady state conditions. It should be expected that time dependent
conditions, such as heating of the kiln or unwanted temperature variations, would lead
to more severe conditions affecting the brick lining. This is intended to be investigated
in the future work.
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Figure 16: Levels of effective von Mises stress (Pa) at steady state in the expanded brick lining
of the detailed model. Displacement of the brick lining is free in the axial direction of the kiln.

5 Summary

In the first part of this work we have developed a methodology for conducting hot com-
pression tests and performed the rarely reported hot compression tests for three similar
refractory materials used as insulators of rotary kilns in the iron-ore pellets industry.

It was found that compression strength of the tested materials increased with 50-
150 % at a temperature of approximately 1000 ◦C. Such behaviour was not expected
and is poorly documented in the literature. After passing 1100 ◦C the compression
strength dropped rapidly and was, at 1300 ◦C, <50 % of the compression strength at
room temperature. The actual compression strength for the three tested materials was
in average approximately 35-65, 85-100 and 5-30 MPa at room temperature, 1000 ◦C
and 1300 ◦C, respectively. However, only the batches of the lower range of compression
strength were tested since the tests were limited by the capacity of the load cell (100
kN).

Young’s modulus of the tested materials was measured to vary between approxi-
mately 2 and 10 GPa. The results indicated that Young’s modulus tended to increase
with temperature in the same manner as the compression strength. However, due to
fluctuation in the measurements of Young’s modulus in this work, we cannot confirm
temperature dependency of Young’s modulus in compression in a reliable way.
In the second part of this work we have presented numerical model of a cross section of a
hot rotary kiln. The found material properties were used as input in the numerical model
of rotary kiln in hot state. It was confirmed that the contact treatment of the model was
proper and that the response of the model at local and global scale was reasonable. It
was found that by applying the most severe boundary conditions the compression stress
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a))

b)

Figure 17: Levels of maximum (a) and minimum (b) principal stress (Pa) at steady state in
the expanded brick lining of the detailed model. Displacement of the brick lining is free in the
axial direction of the kiln. a) Indicates tensile stress in the model, including detailed view. b)
Indicates location of the highest compressive stress in the model.

reached approximately 34 MPa at the most, while the tensile stress was below 0.5 MPa.
In a worst case, the compression stress is on the limit of the brick’s compression strength.
When applying more realistic boundary conditions, the compression stress in the brick
lining reached approximately 7.2 MPa while the tensile stress increased to nearly 3 MPa.
These limits give an understanding of what range of stress to expect when performing
tests with different boundary conditions.
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Modelling of hot rotary kiln

Dmitrij Ramanenka, Gustaf Gustafsson and Pär Jonsén

Abstract

Rotary kilns are the central part in the production of many important materials, such
as: cement clinkers, lime for paper production and iron-ore pellets for steel making. The
main design of a rotary kiln is rather simple – consisting of a cylindrical steel casing and
one or several layers of refractories to protect the casing from high service temperatures.
The dimensions of a rotary kiln vary between some 10 to 180 m in length and 2 to 8
m in diameter. Damage to the refractory lining is common and can potentially lead to
long-lasting production shut-downs and high production losses. Due to the harsh inner
environment and the large dimensions of the kiln it is difficult to observe and evaluate the
kiln while in service – hindering improvement of the kiln. Therefore, it is advantageous to
perform computer simulations and potentially improve the design of refractories (bricks),
the material choice and operation of the kiln based on the numerical results.

In this work, LS-DYNA is used for simulation of a hot rotary kiln insulated with a
single lining of refractory bricks. A cross-section of a kiln of approximately 8 m in diam-
eter is modelled. The physical time to model is up to 65 h. The model is time-dependent
and includes thermal expansion and rotation of the kiln. Heat transfer coefficients are
calibrated by LS-OPT. It is found that modelling of a hot rotary kiln is rather success-
ful, but several challenges exist. Calculation time can in some cases reach 2-3 weeks
(implicit, MPP, 16 cores). Instabilities due to contact associated problems are common.
The created model facilitates decision making regarding e.g. heating/cooling procedure,
design changes, maintenance frequency and more.

1 Introduction

Manufacturing of many different products involves elevated temperatures. Rotary kilns
are designed to maintain high temperatures and to handle relatively large volumes of
material in a continuous manner. Some of the well-known products are: cement clinkers,
iron-ore pellets and lime.

A rotary kiln typically consists of a cylindrical steel casing and one or several layers
of refractories to protect the casing from high service temperatures which are typically
above 1000 ◦C. The casing is bounded by a pair of riding tyres which are resting on the
riding wheels and so-called pads separate casing from the riding tyres acting as sacrificing
abrasion material. The dimensions of a rotary kiln ranges approximately between 10 to
180 m in length and 2 to 8 m in diameter, see Figure 1.
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The conditions inside a kiln are rough and damage to the refractory lining is in-
evitable in the long-run. Regular maintenance is planned in advance typically around 12
months apart. However, unpredicted failures of the lining happening before the planned
maintenances are common. This can be very troublesome to a company; repair time is
long (5-14 days) and can become very costly.

Due to the high temperatures and the large dimensions of a rotary kiln it is difficult
to study a kiln in-situ. In this work, creation of a FE-model of a large, hot rotary kiln
using LS-Dyna is suggested. With a numerical model some inconveniences of the size of
a kiln and high temperatures can be overcome, and potential improvements of the kiln
can be tested.

Riding wheel
Brick lining

Pads

Riding tyre
Casing

Figure 1: Illustration of a rotary kiln lined with a single brick layer.

2 Method of model creation

The aim of the model is to be able to simulate a hot rotary kiln with time-dependent heat
transferring. The problem to solve is a coupled non-linear structural thermal analysis.

2.1 Dimensions

The model studied is a cross-section of the kiln with a single layer of brick lining having
thickness of 100 mm. It is thus a 3-dimensional model. The geometry is presented in
Figure 2.

The choice of the model is based on the fact that statistically most of the failures
of the lining happen around the area of the lower pair (closest to the flame) of riding
wheels [1]. Additionally, handling of boundary conditions is straight forward because of
the riding wheels.
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Figure 2: Dimensions (mm) of the model.

2.2 Element type and mesh

Fully integrated quads (∗SECTION SOLID ELFORM = 2) having mesh of 22-26 mm
where used in the discretization of the geometry. Mesh representation can be seen in 3.
Total number of elements reaches approximately 126000.

Figure 3: Illustration of the mesh (22-26 mm).

2.3 Integration method

Due to the long simulation times the tasks associated with rotary kilns are usually solved
implicitly. In some cases, e.g. during stress updates it can be advantageous to start
numerical integration explicitly and switch to the implicit integration later on. Figure 4
shows typical settings in order for implicit integration to run properly, controlled by the
card: ∗CONTROL IMPLICIT SOLUTION.
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Figure 4: Typical settings for activation of implicit integration.

2.3.1 Convergence

In case of convergence problems one solution can be to lower the default value of ECTOL
in ∗CONTROL IMPLICIT SOLUTION, e.g. by factor 10.

Activation of the card ∗CONTROL IMPLICIT DYNAMICS helps in many cases
to resolve convergence troubles. Additionally, it may be beneficial to induce artificial
damping by increasing the default values of Newmark integration parameters, GAMMA
and BETA, see example in 5.

Figure 5: Example of inducing of numerical damping by increasing GAMMA and BETA. Default
and minimum of GAMMA and BETA is 0.5 and 0.25, respectively.

2.4 Gravitational preload

The cross section of the casing is oval due to the gravity force, see illustration in Figure
6. Due to the ovality a gravitational preload needs to be applied before brick lining can
be introduced into the casing, see Figure 7 a).

2.4.1 Analytical verification

At this stage a verification of the model’s response can be performed. For example
could a FE-model of the case in Figure 6 be created and deformation of the casing
found numerically compared to the analytical solution, see equation 1 and 2, respectively.
Convergence test of the mesh could be as well performed. Satisfactory results verified
analytically confirm proper model build up before continuation. For more details see [2].

δh = 0.429
12 · ρgr4
Et2C

(1)
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g
⇓

Figure 6: Illustration of the ovality of the casing [2].

δv = 0.467
12 · ρgr4
Et2C

(2)

Where δh and δv are horizontal and vertical displacements, ρ is density, g is standard
gravity, r is the nominal inner radius, E and tC are Young’s modulus and the thickness
of the casing, respectively.

Stresses from the preload are saved and included in the next step − bricklaying.

2.5 Bricklaying

In practice the bricks are positioned in the kiln one by one. It is advantageous to update
the stresses few times during the bricklaying while modelling in order to mimic the reality;
Figure 7 shows the principle of bricklaying with stress updates. For more details see [2].

2.6 Contact

For the contact between the bricks the card ∗CONTACT AUTOMATIC SINGLE
SURFACE MORTAR was activated. For the contact between pads and the casing the
card ∗CONTACT AUTOMATIC SURFACE TO SURFACE MORTAR TIED was acti-
vated. For the remaining contacts the card ∗CONTACT AUTOMATIC SURFACE TO
SURFACE MORTAR was used.

Mortar contact is a segment to segment penalty based method that was specifically
designed to make implicit integration more stable. However, due to its smooth contact
properties it may tend to result in larger penetration between the parts compared to
the traditional penalty based method used in the explicit integration. When regarding
simulation of the kiln this is especially noticed during thermal expansion of the kiln.

Regard a simple penetration test in 8 with default settings in the contact card. The
test shows expansion of two elements clamped in one direction that are heated 1300 ◦C
in 10 seconds; linear expansion coefficient is 6 · 10−6.

The test shows that penetration is severe. In order to battle the problem, one can
change default settings in the contact card. The parameters to consider are SFS, SFM,
SST and MST. See an example in Figure 9 of how to change parameters in order to solve
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a) b)

c) d)
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Figure 7: Example of bricklaying sequences with stress update in-between [?].
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Figure 8: Example of penetration problem during expansion using default settings in the mortar
contact card.

penetration problem in the presented penetration test. The choice of parameters should
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satisfy the analytical solution for the induced compressive stress.

Figure 9: Example of how penetration problem in the penetration test, Figure 8, can be battled
by changing default values of SFS, SST and MST.

2.7 Rotation of the kiln

Rotation of the kiln is induced by the rotation of the riding wheels, which due to their
high-stiffness are considered as rigid. Activation of rotation is handled by the card:
∗BOUNDARY PRESCRIBED MOTION RIGID.

2.8 Heating

2.8.1 Time-independent heating

For a steady state solution the heating of the kiln is solved by applying temperature at
the boundary nodes of the present parts, see Figure 4. This is activated by the card:
∗BOUNDARY TEMPERATURE SET.
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Figure 10: Example of boundary temperature conditions for a steady-state solution [3]

2.8.2 Time-dependent heating

In order to make heating of the kiln time-dependent knowledge of heat transfer coef-
ficients is required. This includes radiation, convection and conduction coefficients. If
the development of the temperature on the hot face of the bricks as well as on the cold
face of the tyre is known, the heat transfer parameters in the model can be calibrated
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towards that. Figure 11 illustrates the time-dependent heating of the model. Radiation
and convection heat transfer coefficients between the surfaces can be approximated based
on the information from literature. For that the emissivity coefficients of the surfaces
and thermal conductivity of the air between the surfaces are required. Free surface heat
loss (radiation and convection) and conduction heat transfer coefficients are more com-
plicated to approximate. For that purpose it is advantageous to use an optimization
software, such as LS-OPT, that can iterate the best solution to match the temperature
development of the cold face of the tyre. It is true that the heat transfer coefficients
found by LS-OPT may not be very close to the true values. However, the main purpose
is to obtain similar heating rate of the cold face of the tyre as in reality. It is not of
interest to know e.g. whether cooling of the tyre is dominated by radiation or convection
heat loss.
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Figure 11: Illustration of the temperature development on the hot face of the bricks and the cold
face of the tyre and the heat transfer boundaries.

3 Results

3.1 Overview of thermal stresses in the brick lining

Figure 12 and 13 show development of highest compressive and tensile stresses in the
brick lining during heating of the kiln, respectively. It is seen that highest compressive
stress is close to the hot surface of the bricks. Approximately after 20.5 hours of heating,
the compressive stress band starts to move deeper. When the steady state is reached the
highest compressive stress is some 100 mm below the hot face of the brick. The tensile
stress is rising steadily until it reaches maximum at steady state. The results show that
it is rather important to be able to simulate time-dependent events. The compressive
stresses during heating stage are considerably higher than at steady state – reaching up
to half of the bricks compressive strength. Further on, the peaks of compressive stress can
be related to a certain time or temperature – helping to reconsider the heating procedure.
The question to be asked could be: Should the kiln be rotated (typical procedure during
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heating) before certain temperature of the tyre is reached? Could it be possible to
increase heating rate after a certain temperature of the tyre is reached?

Hot face 

25 mm 

50 mm 

75 mm 

100 mm 

125 mm 

Figure 12: Development of highest compressive stresses in the brick lining during heating of the
kiln. The values mark the depth from the hot face of the bricks.

Figure 13: Development of highest tensile stresses in the brick lining during heating of the kiln.
Location of the highest tensile stresses is along the contact line of the neighboring bricks and at
the bottom of the bricks in contact with the casing, see the included image.
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4 Summary

The primary purpose of this work was to propose a way of modelling and simulating hot
rotary kiln by using LS-Dyna. It was shown what geometry and discretization choices
are reasonable. The methodology of bricklaying and heating of the kiln is proposed. It is
shown some of the important settings in LS-Dyna in order for the model to run properly.
It is suggested some ways of overcoming convergence and contact problems.

Results presented in this work show development of highest compressive and tensile
stresses in the brick lining during heating of the kiln. The data facilitates decision
making e.g. regarding potential improvement of the heating scheme in this particular
case. In general, the model has a great potential for supporting engineers with additional
information that is difficult to obtain in-situ.
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Elasticity modulus and strength of two high-alumina

refractory bricks at elevated temperatures

Dmitrij Ramanenka, Marta-Lena Antti, Lars-Olof Nordin and Pär Jonsén

Abstract

High-alumina refractory bricks are extensively used in heavy industry for containment
of hot materials. Transient finite element modelling of the containment equipment used
in the industry requires knowledge of the brick’s material properties. Despite their wide
use, there is a lack of reported data for various high-alumina brick grades. It seems that
in-house measurement of the desired material properties is inevitable.

In this work, two grades of high-alumina bricks, based on andalusite and bauxite,
and containing approximately 60 and 79 wt% Al2O3, respectively, were evaluated in
ambient and elevated temperatures up to 1300 ◦C. The andalusite-based brick samples
were collected from a brick that has been 3-years in service. The bauxite-based brick
samples were from an as-received brick. Compression strength, modulus of elasticity
(MOE) and indirect tensile strength (Brazilian disc test) were obtained.

The results showed that the as-received (bauxite-based) and (andalusite-based)
served brick samples had, in overall, similar behaviour and response. The compres-
sion and tensile strengths were steadily rising with temperature up to 900 - 1000 ◦C.
The increase was by some 75 % to approximately 105 and 8.5 MPa for compressive and
tensile strength, respectively. However, already at 1100 ◦C, the strength was reduced
below the strength at room temperature. Measurements of elasticity modulus showed
an increase of material’s stiffness with the rising of temperature, peaking at 500 - 700
◦C and followed by a considerable drop at 900 ◦C. A complex behaviour was noticed for
the brick samples during measurements of MOE, why the levels of MOE is a question of
interpretation. Primarily, two remarks were noticed. Firstly, the very first loading on the
as-received brick samples was considerably softer than the succeeding loadings. Secondly,
response during cycling or relaxation phase was considerably stiffer than during the load
accumulation. The authors suggest that levels of elastic modulus are: 18-25 GPa in room
temperature, peaking to 26-32 GPa at 500-700 ◦C and dropping to 10-15 GPa at 900 ◦C.

The conducted experiments are a valuable addition to the data base of high tem-
perature material properties for high-alumina refractory bricks.
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1 Introduction

High-alumina refractory bricks [1], defined as those containing more than 47.5 wt% of
aluminium oxide (Al2O3), are some of the most common refractories. These materials,
used as working lining in high temperature equipment, are typically found in cement,
iron- and steelmaking, and iron-ore pelletizing plants. The beneficial properties of high
refractoriness, chemical stability and thermal chock resistance make high-alumina bricks
a good choice in many situations where containment of hot materials is required.

In case of rotary kilns used for iron-ore pellets production, unplanned emergency
stops due to failure of the brick lining are not uncommon. The need of slow cooling,
reparation and reheating, makes the process of emergency stops time consuming, typi-
cally 1-2 weeks, leading to high production losses and thus becomes expensive. Failure
of brick linings is not fully understood, certainly, there are synergy effects of chemical,
mechanical and thermal nature that contribute to the failure. However, especially the
thermomechanical contributions have been, in some aspects, poorly reported in this field
for the last decades. Traditionally, it has been difficult to perform physical investiga-
tions due to harsh service conditions found in rotary kilns or to implement new ideas
due to restricted room for mistakes. Today, many of these problems can be moved to
computer clusters where behaviour of the lining can be simulated without risking any
actual consequences.

Finite element modelling (FEM) [2] has become an efficient and accessible tool for
calculation of a wide range of engineering problems. Some mechanical and thermome-
chanical analyses of various refractory systems using FEM have been reported. Rama-
nenka et al. [3, 4] have investigated the mechanical behaviour of brick lining in rotary
kiln in cold and hot steady state conditions. Hino et al. [5] analysed thermal stresses of
the lining in a basic oxygen furnace with respect to frictional forces. Damhof et al. [6]
have studied the thermal chock damage in the refractory lining of steelmaking installa-
tions. Regardless the case, a correct response of a model requires knowledge of material
properties for the specific refractory in use. For transient FEM calculations it is primar-
ily following temperature dependent properties of interest: heat conductivity, thermal
expansion coefficient, heat capacity, tensile and compression strength and stress-strain
behaviour (MOE and Poisson’s ratio). However, availability of reported material data for
high-alumina refractory bricks is in some cases scarce and insufficient. This is particularly
noticed for MOE and tensile strength data at elevated temperatures.

Some of the first describing stress-strain behaviour of high-alumina materials were
Padgett and Clements [7]. They reported i.e. dynamical elasticity modulus of some mul-
lite refractories (≈ 72 − 75 wt% Al2O3). Later, Schacht [8] was arguing that dynamic
elasticity modulus, due to very low loads, drastically over predicts the actual stiffness
of the materials at loads found in field conditions. It appears that static measurement
of elasticity modulus gives a better representation. Kuan-Jye et al. [9] report thermal
expansion coefficients for a number of aluminosilicate refractory bricks. They find a
linear correlation between corundum (α − Al2O3) content and linear thermal expansion
coefficient for high-alumina bricks containing > 60 wt% of corundum. Some indirect
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information can additionally be collected from tests performed on other types of refrac-
tories. Stett [10] measured material properties for use with FEM of some basic bricks
(MgO) and high-alumina castables. Amrane et al. [11] performed compression strength,
three-point bending tests and dilatation measurements on an aluminosilicate brick based
on a mixture of kaolinitic clays (< 45 wt% Al2O3).

High-alumina bricks comprise a wide range of refractory materials. Not only is
there a lack of reported data for some specific chemical compositions of high-alumina
bricks, but also bricks of the same composition may behave differently. Schacht [12]
collects in his book some of the stress-strain data that has been available before the
90’s. The data exemplifies how great the difference of elastic behaviour may be for two
chemically identical bricks due to different manufacturing conditions. Larson et al. [13]
report elasticity modulus at room temperature for a number of high-alumina bricks,
measurement technique is, however, not specified. The presented data shows e.g. that
among ten different high-alumina bricks containing 60 wt% Al2O3 the elasticity modulus
ranges from 14 to 54 GPa − the differences are considerable.

It seems that in-house measurement of material properties as input for FEM is
inevitable. Approximations based on the reported data are not reliable. The whole field
of refractory users benefits from widening the data bank for these common but scarcely
documented materials.

In this work, samples retrieved from an as-received bauxite-based and a served
andalusite-based (3 years in service; pelletizing plant LKAB, Sweden) high-alumina bricks
were subjected to mechanical characterization at ambient and elevated temperatures up
to 1300 ◦C. The aim was to collect material data for use in FEM analysis. Due to the
time-consuming testing it was chosen to test two different brick grades of two different
ages to cover a wider range of data. Thus, the emphasis is on the data and not on the
comparison of the two brick qualities. The characterization methods were comprised of
compression tests for the stress-strain behaviour and Brazilian disc tests for the indirect
tensile strength. To the authors’ knowledge, no Brazilian disc data has been previously
reported for these high-alumina refractory bricks at elevated temperatures. Nor can
the mechanical properties for a served high-alumina brick at high temperatures, to the
authors’ knowledge, be found in the literature. The conducted mechanical tests are a
valuable contribution to the widening of the data base of the material properties for this
scarcely reported materials.

2 Materials

Two burned high-alumina brick qualities were evaluated in this work:

• Bauxite-based brick, trade name Victor HWM. Samples collected from an as-
received brick, i.e. not affected by any post manufacturing service conditions. Will
further on be referred to as the as-received-B samples.

• Andalusite-based brick, trade name Silox 60. Samples collected from a brick having
been in service of a rotary kiln lining for iron-ore pellet production for three years.
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Will further on be referred to as the served-A samples. Position of the brick in
service was at the down-stream riding tyre of a rotary kiln, see Figure 1.

The served-A brick had been subjected to spalling so that approximately 2 cm of
the brick was absent. Also, a large crack parallel to the hot face of the brick was present,
see Figure 1 for illustration.
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Figure 1: a) Illustration of the condition of the served brick and the assumed temperature
gradient in service. b) Illustration of rotary kiln and the position of the down-stream riding tyre
where the served brick was collected.

The served-A samples were collected from five different positions in the brick, along
the temperature gradient in service. Assumed temperature zones are at: 1100, 900, 700,
500 and 300 ◦C [4]. It is also assumed that the material at the cold face of the brick
should have remained rather unaffected during the service.

Figure 2 shows optical images of the as-received-B and served-A materials. As can be
visually observed there is a distinction between the served-A materials from the hottest
and coldest zones. The colouration of these samples is different, implying a change in
chemical composition or infiltration throughout the service. The reason behind these
differences will not be investigated in this work, Stjernberg et al. [14–16] have performed
studies on infiltration mechanism in high-alumina bricks used in rotary kilns for iron-ore
pelletizing.

There is a noticeable distinction of the surface finish for the two groups of materials.
The served-A material, both close to the cold and hot face of the brick, seems to possess
a larger degree of continuous bonding compared to the as-received-B material. This
may be explained by the different glass contents of these bricks. Victor HWM and
Silox 60 contain some 8-10 and 14-16 wt% of glassy phase, respectively, according to the
manufacturer.

The grain size found in the as-received-B and served-A materials is up to 5 mm
large. Approximately 20-25 % of the grains are in the range of 1-5 mm. Figure 3 shows
Scanning Electron Microscope (SEM) images exemplifying typical morphology of the two
bricks.



2. Materials 69

a)

as-received-B

b)

served-A hot face

c)

served-A cold face

d)

1 mm

e)

1 mm

f)

1 mm

Figure 2: Images of the as-received-B (a, d) and served-A materials collected close to hot (b, e)
and cold face of the brick (c, f). Bottom images are double magnification of upper images.
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Figure 3: SEM images of: a) Corundum grain (1), mullite grain (2) and glass-rich matrix (3);
b) Zoom-in of area (4) marked in a), revealing lumps of fine corundum grains in the composition
of a much larger grain. Light spots are rutile (T iO2) - rich areas.

Table 1 summarizes some of the physical properties and main constituents found in
the two brick products based on manufacturers data.

The phase composition of the bricks dominates by formation of mullite (3Al2O3 ·
2SiO2), corundum, rests of andalusite and amorphous phase. Figure 4 shows X-ray
diffractographs of the as-received-B and served-A samples collected close to the hottest
and coldest side of the brick. The diffraction measurements were performed on two
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Table 1: Summary of the brick properties provided by the manufacturer [17]. (AP - apparent
porosity; CCS - cold compression strength).

Material properties Constituents (wt%)

ρ (g/cm3) AP (%) CCS (MPa) Al2O3 SiO2 T iO2 Fe2O3 CaO Alkalis

Victor HWM 2.7 (2.65-2.75) 18 (17-21) 80 (60-100) 79 17 2.2 1 0.2 0.5
Silox 60 2.45 (2.40-2.50) 17 (15-19) 70 (50-90) 60 37 1.5 0.9 0.1 0.5

different samples for every material of interest (2x2x2). As no significant variation was
noticed, it was assumed that every diffractograph was representative for its material
group (as-received-B, served-A samples from hot and cold face of the brick).

The XRD (X-ray diffraction) results show that the served-A samples collected from
the hot and cold face of the brick are similar and that they are dominated by the mullite
phase. The as-received-B samples are dominated by the formation of corundum.
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Figure 4: X-ray diffractographs of the as-received (a) and served samples collected close to the
hot (b) and cold face of the brick (c).
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3 Method and Experimental procedure

In this work, measurements of compression strength, modulus of elasticity (MOE) and
splitting tensile strength (Brazilian disc test) of samples extracted from an as-received
Victor HWM and a served Silox 60 (3 years) brick were performed. The tests were
conducted at: room temperature (RT), 300, 500, 700, 900, 1000, 1100, 1200 and 1300
◦C, with some exceptions.

3.1 Sample preparation

Samples for the mechanical tests were extracted from the bricks by water-cooled core
drilling. For that, a commercial drilling machine (Hilti DD 150U) mounted on a stand
and equipped with diamond core drill (Husqvarna) was used. The drilling direction was
along the thickness of the bricks. The obtained cores were primarily cylinders of 30 mm
in diameter. A limited number of cores with diameter of 55 mm were also extracted.
The length of the cores was 140 and 100 mm for the as-received and the used brick
samples, respectively. After drilling, the cores were dried at 45 ◦C for 48 hours. The
cores were later cut into samples in a water cooled cutting machine (Struers Discotom-
100) equipped with a diamond cutting disc (Midhage). Approximately 10 mm of one end
of every core was removed in the first cut so that all the samples had cut surfaces. Three
sets of samples were obtained. Cores of 30 mm in diameter were cut into samples having
thickness of 30 and 8 mm for compression and Brazilian disc tests, respectively. Cores
of 55 mm in diameter were cut into samples of thickness of approximately 12 mm, these
were used for Brazilian disc test. The cut samples were dried for 48 hours at 45 ◦C. No
further preparation of the samples was performed. Deviation of parallelism of the cut
surfaces was maximum 0.05 mm.

3.2 Mechanical testing

Two universal testing machines and set-ups were used for conducting the experiments:

• Set-up nr 1. Universal hydraulic machine (Dartec M1000/RK) equipped with a 250
kN load cell (Instron) − for tests at room temperature. To this, 2D or 3D DIC
(Digital Image Correlation) measurements were available for optical recording of
strain field.

• Set-up nr 2. Universal screw-driven testing machine (Dartec) equipped with a 100
kN load cell (Instron), a water-jacked furnace (Severn Science Limited, limit 1500
◦C) and a high-temperature axial extensometer − for tests at room temperature
and elevated temperatures. The experimental set-up nr. 2 is illustrated in Figure
5.

Heating of the samples was at a rate of 300 ◦C/h up to the target temperature
whereupon the samples were soaked for 2 h before testing. Cooling was at a rate of 300
◦C/h or less.
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Digital image correlation (DIC) For the measurement of strain field using DIC a
commercial optical displacement field measurement system, ARAMIS [18], was used. A
series of digital images are taken during experiment of a specimen subjected to defor-
mation. The first image in the series represents the unstrained state. ARAMIS divides
that image into subimages having unique structure and uses the structure as a reference
frame. In order to enhance contrast in the structure of the samples a random pattern
of black dots (spray color) was applied on the surface. Deviation in the pattern in the
following images corresponds to displacement of the material and in that way a strain
field in the course of the experiment can be obtain.
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Figure 5: Experimental set-up for high temperature compression tests: 1-Load cell; 2-Water
cooled steel supports; 3-Alumina bars; 4-Furnace; 5-Thermocouples; 6-Specimen; 7-Heating el-
ements; 8-Extensometer; 9-Chamber.

3.2.1 Compression strength measurements

Measurements of compression strength at room temperature (RT) were performed on the
set-up nr. 1. The cylindrical samples (30 × 30 mm) were loaded until failure at a rate of
0.5 mm/min. Soft insulating material was used between the sample and the equipment in
order to distribute the load more evenly. The cushion material was an insulating material
(Fiberfrax Durablanket) that was as well used for measurements at high temperatures.

For tests at elevated temperatures a constant load of 0.2 kN was applied in order
to maintain a proper contact with the sample during heating. The compression rate was
0.5 mm/min.

No change in the measurement method for the as-received-B or served-A samples
was made.
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3.2.2 Modulus of elasticity measurements

Measurements of MOE were conducted on the cylindrical samples, 30 × 30 mm. MOE
in compression is very sensitive to the parallelism of the faces of the samples and the
equipment. Even small deviations in height, obtained during preparation of the samples,
can result in a substantial error since the elastic deformation is relatively small. As well
small deviations in parallelism of the equipment could result in faulty measurement.

In order to confirm that MOE measurements were satisfactory two different mea-
suring techniques and set-ups were used for tests at room temperature, i.e. set-up nr.
1 with DIC and set-up nr. 2 with an axial extensometer. Potential discrepancy in the
results at room temperature between the two set-ups could reveal hidden problems in
the tests. Furthermore, a dummy made of aluminium with the same dimensions as the
brick samples was used for verifying a correct measurement by DIC and extensometer.

Measurements on the aluminium dummy in the set-up nr. 1 by DIC confirmed MOE
of aluminium with an error < 5 %, suggesting that DIC measurement was acceptable.
Measurements on the aluminium dummy in the set-up nr. 2 by the extensometer showed
that fair agreement of MOE (error < 5 %) for the aluminium dummy was obtained only
if cushions on both faces of the sample were used.

As-received-B samples Measurements of MOE were performed on samples either
subjected to an oscillating load or on samples compressed to failure. Before cycling or
compression to failure a pre-load was applied to the sample by going up to 21 MPa and
back to the unstressed state. Pre-loading was always performed at room temperature.
The intention of pre-loading was to compact the material. As will be shown, the very first
loading on the samples is generally considerably less stiff than the succeeding loadings.

The cycling stress was between approximately 21 and 14 MPa, which is 25-30 % of
the compression strength of the brick. The reason to the cycling was to obtain several
measurements from one sample and to see the effect of cycling. Some of the samples
subjected to cycling and tested at high temperature were tested only at one temperature
point, while some were reused for measurements at several temperature points at high
temperature. See Figure 6 for the illustration of the loading sequences.

Samples compressed to failure were used for obtaining stress-strain behaviour of the
brick in the whole range of stress before failure.

Served-A samples Samples from the served brick had to be distinguished according
to their position in the brick, since they were affected differently during the life-time of
the brick. Five positions were distinguished, starting from the hot face to the cold face of
the brick. The samples were tested at room temperature and at their assumed maximum
temperature experienced during service based on the position in the brick (1100, 900,
700, 500 and 300 ◦C). A part of the brick subjected to higher temperatures was subjected
to spalling and was thus not available. No pre-loading or load cycling was performed on
the served samples. MOE was measured during compression tests to failure.
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Figure 6: Schematics of loading procedure. Dotted line represents pre-loading of the samples.

3.2.3 Splitting tensile strength measurements

Brazilian disc tests [19, 20] were conducted in order to obtain tensile strength of the
bricks in an indirect manner, see Figure 7. Tensile strength obtained with the presence
of compressive stresses is a fair representation of the field conditions in the rotary kiln.
Cylindrical samples with diameter of 55 and 30 mm and thickness of approximately 12
and 8 mm, respectively, were used. Samples were placed on a flat surface and compressed
until failure at a rate of 0.5 mm/min. Soft insulating material, as described previously,
was used between the samples and equipment. The indirect tensile strength was obtained
according to equation 1.

σt = 2P/πDt (1)

Where P is failure load, D diameter and t thickness of the sample.

P

P

σt σt

Figure 7: Illustration of Brazilian disc test.
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4 Results and Discussion

4.1 Stress-strain behaviour

Figure 8 shows typical stress-strain behaviour of the as-received-B and served-A brick
samples tested at different temperatures during compression tests. Two distinct be-
haviours can be observed. Compression tests conducted between ambient temperature
and 900 ◦C demonstrate a rather linear response up to the maximum stress, while the
response of the samples at 1100 - 1300 ◦C is considerably softer and no clear elastic zone
can be pointed out. This behaviour is suggested to be attributed to the softening of the
glassy phase; in compression mode this is highly apparent starting from approximately
1100 ◦C. Response at 1000 ◦C is of an intermediate character, there is a partly linear
deformation behaviour, but not all the way to the stress maxima. It seems that at 1000
◦C the material possesses some permanent deformation when a certain stress level is
reached.

No certain difference of the general stress-strain behaviour could be observed be-
tween the as-received-B and served-A brick samples. The visible differences cannot with
certainty be attributed to the characteristics of the two sample categories as there are
substantial variations within the batches themselves due to the heterogeneous nature of
the refractory materials.
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Figure 8: Typical stress-strain behaviour of the as-received-B (a) and served-A (b) brick samples
tested at different temperatures. The end of a curve does not represent failure of a sample, the
tests were interrupted either at a stress maxima or some point after the stress maxima.

4.2 Compression strength

Figure 9 a) summarizes the compression strength of all the as-received-B and served-A
brick samples for the different test temperatures. The compression strength is defined as
the stress maxima during compression tests. (The served-A samples were collected from
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different temperature zones and tested at the corresponding temperature, recall Figure
1).

It is noticed that compression strength of the as-received-B and served-A brick sam-
ples follow the same trend. The compression strength is rising when the test temperature
is increased. The maximum strength is reached at approximately 900 ◦C, raised by more
than 75 % compared to the compression strength at room temperature. After 1000 ◦C
the compression strength is rapidly decreasing. This behaviour have been previously
reported for other aluminosilicate brick types [4, 7, 11].

It is believed that this counter-intuitive behaviour is attributed to the bridging effect
found in coarse-grained and glassy phase rich materials, such as refractories. Theory of
bridging effect considers that crack propagation in the material is to a considerable extend
governed by mechanisms taking place in the wake region of the crack, not only at the
crack tip, as for many other materials. As the temperature rises, the glassy phase, due to
its increased viscosity, creates bridges behind the crack tip. The bridges connecting the
two halves of the crack increase resistance to the crack opening, leading to an elevated
material strength. However, at some stage, the glassy phase becomes too viscous resulting
in a sudden decrease of load bearing capacity. Also large grains can bridge over two crack
halves and give resistance to the crack opening. [21–23]

Figure 9 b) shows room temperature compression strength of the served-A samples
collected from the zones of the brick exposed to different temperatures. The lower room
temperature strength for the samples collected from the zones exposed to higher tem-
peratures suggests that the material was degraded close to the hot face of the brick.
However, as evident from Figure 9 a), despite the lower strength at room temperature,
this is not fully reflected in the tests at elevated temperatures, as is seen in Figure 9 a).
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Figure 9: a) Compression strength (σc) at room temperature (RT) and 300-1300 ◦C interval for
the as-received and the served brick samples. Standard deviation is given for the tests of variance
bigger than 2 per cent and/or for the tests with more than two samples. b) Room temperature
compression strength of served samples collected from the zones affected by different service
temperatures (see Figure 1), two samples per test.
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4.3 Modulus of elasticity

Conducted measurements of MOE at room temperature on the set-up nr. 1 and nr. 2
using the two different measurement techniques and equipment were in a good agreement.
This strengthen the reliability of the results obtained at elevated temperatures on the
set-up nr. 2.

As previously described in 3.2.2, the samples used for MOE measurements were
either compressed to failure or subjected to cycling load. Cycling of the samples resulted
in an interesting behaviour, see Figure 10. Firstly, the response of the material at the very
first load applied on the samples, part 1© in the figure, was in general considerably softer
than succeeding loadings, as exemplified by part 2© in the figure. Secondly, the response
during cycling, parts 3© and 4© in the figure, was considerably stiffer than during previous
accumulation of the stress before cycling began (part 1© and 2©). It seems that after
load accumulation the material is unable to fully relax during unloading, perhaps due
to interlocking of grains throughout packing of the material. It is reasonable to assume
that such behaviour would reach a steady state where loading and unloading response is
the same. However, after numerous loading and unloading steps, on some samples, the
stiffness during initial load accumulation, 2© in the figure, continued to be considerably
lower than during unloading steps. This was true for all test temperatures up to 1000
◦C.
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Figure 10: Example of the stress-strain behaviour of a sample subjected to a pre-load and cycling
at room temperature and cycling at 900 ◦C. 1© - the very first load accumulation; 2© - following
load accumulations; 3© and 4© - cycling.

Figure 11 summarizes measurements of MOE for the as-received-B and served-A
samples. The measurements were performed between 15 and 20 MPa for both cycled and
non-cycled samples. The figure shows three categories of measured elasticity modulus of
the as-received-B samples and one category for the served-A samples:

• As-received-B-1. MOE at the very first loading in room temperature that averages
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at around 13 GPa.

• As-received-B-2. MOE at the succeeding load accumulations at room temperature
averages at around 19 GPa − clearly stiffer than the very first response. The MOE
peak of around 26 GPa is reached at 500 ◦C. At 900 ◦C stiffness drops to around 10
GPa in average. At 1100 ◦C, due to substantial plastic flow, it becomes difficult to
define clear elastic regions. Cycling of the samples is not any more relevant due to
permanent plastic deformation between the cycles. Samples that were compressed
directly to failure without cycling are also included into this category.

• As-received-B-3. MOE during cycling follows the same trend as MOE measured
during load accumulation, but is shifted to higher levels by 20-35 % and peaks to
32 GPa at 700 ◦C .

• Served-A samples. MOE of served brick samples evaluated at compression to failure
only, no cycling. The results follow the same trend as for the as-received samples
and have in some temperatures similar MOE levels as the as-received-2 measure-
ments. The response is stiffer at 900 ◦C and softer at 1100 ◦C. The result at 300
◦C is possibly not representative of the trend, perhaps due to damages obtained
during service.
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Figure 11: MOE of the as-received-B and served-A samples at room temperature and 300-1100
◦C interval. As-received-B-1: MOE of the very first loading; As-received-B-2: MOE at following
load accumulation; As-received-B-3: MOE during cycling. Standard deviation is given for the
tests of variance bigger than 2 per cent and/or for the tests with more than two samples. Consult
Figure 10 for the clarification of the notations.
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4.4 Splitting tensile strength

Figure 12 shows typical load-displacement behaviour of the as-received-B and served-A
brick samples tested at different temperatures during Brazilian disc tests. Notice that
tests at room temperature (RT) show particularly soft behaviour. This is due to com-
pression of cushion material that was placed between the samples and the compression
bars, thus the behaviour is exaggerated and false. For the other cases, the cushion mate-
rial was compressed during heating and dwell time. Therefore, influence of the cushion
material at elevated temperatures is small.

It is observed that behaviour for temperatures up to 900 ◦C is of a linear character
until the load maxima. At 1000 ◦C, and even more pronounced at 1100 ◦C, the materials
start to behave non-linearly up to the load maxima. Furthermore, it is noticed that
response at load maxima of the served-A samples tested up to 900 ◦C is of a clearly more
brittle character, as the load is dropping nearly vertically, compared to the as-received-B
samples for which the load decline is smoother.
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Figure 12: Typical load-displacement behaviour of the as-received-B (a) and served-A (b) brick
samples tested at different temperatures. The tests were interrupted at some point after the
load maxima. Tests at room temperature (RT) show false soft behaviour due to compression of
cushion material.

Figure 13 a) summarizes splitting tensile strength results obtained from the con-
ducted Brazilian disc tests on the as-received-B and served-A samples. The trend is
similar as for the compression strength of the brick samples. The peak of strength is at
900 - 1000 ◦C, reaching some 8-9 MPa for the smaller samples. As expected, based on
the flaw probability, the strength of the as-received-B samples of larger size, 55×12 mm,
shows lower values. However, the few tests (RT and 500 ◦C) conducted on the served-A
samples of larger size did not show that behaviour, indicating lower flaw concentration
than for the as-received-B samples.

The data implies that tensile strength of the served-A samples is noticeably higher
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than for the as-received-B samples. However, it has to be remarked that visual observa-
tion of the samples suggests that the obtained served-A samples were of higher quality
compared to the as-received-B samples, as could also be seen in Figure 2. The served-A
samples possess sharper edges and less degree of grain loss during cutting − likely due
to the suggested higher continuous bonding of the served-A samples.

Figure 13 b) shows tensile strength results of the served-A samples collected from
the different temperature zones and tested at room temperature. The results imply that,
in accordance with Figure 9 b), the material of the brick zone exposed to the highest
temperature was possibly damaged. A difference of 30 % in strength between the cold
and hot zones when tested at room temperature is noticed.
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Figure 13: a) Splitting tensile strength (σt) at room temperature and 300-1200 ◦C interval
for the as-received-B and served-A brick samples. Standard deviation is given for the tests of
variance bigger than 2 per cent and/or for the tests with more than two samples. b) Room
temperature splitting tensile strength of served-A samples collected from the zones affected by
different service temperatures (see Figure 1), two samples per test.

It seems that the initial softening of the glassy phase is responsible for both the
sudden decline of MOE and the peak of strength, in compression and tension, of the
brick samples observed at around 900 ◦C. This behaviour may strengthen the theory of
bridging. It is relevant to suggest that, when the initial softening of the glassy phase
decreases modulus of elasticity, the failure strain of the glass increases; leading to a
prolonged resistance to the crack opening and ultimately to an increased failure load.

5 Conclusions

After conducting the mechanical experiments it can be concluded that the trend be-
haviour of the as-received-B and served-A samples was similar, despite their different
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chemical content and age.
It was found, in accordance with other similar studies, that strength of the bricks was

considerably affected by increasing temperature. Both compression tests and Brazilian
disc tests showed analogous behaviour. The strength was firstly increasing with the
rising of temperature up to approximately 900-1000 ◦C followed by a considerable drop
at higher temperatures.

The maximum compression strength recorded approximately 100-110 MPa for both
groups of the brick, giving a raise of some 80 % compared to their room temperature
strength. The drop of compression strength was by some 50 % at 1300 ◦C, measuring
around 30 MPa.

The maximum splitting tensile strength, for the smaller samples, recorded approx-
imately 8-9 MPa for the served-A and the as-received-B materials, a rise by some 50 %
and 100 %, respectively. At 1100 ◦C the drop for the served-A samples was by some 20
% compared to the strength at room temperature, while for the as-received-B samples
the strength returned to the levels of room temperature.

In conclusion, the increasing and decreasing of the strength is believed to be related
to the bridging effect and glassy phase softening, respectively.

The stiffness of the brick materials is a question of interpretation, as a complex
behaviour is noticed. Authors propose elasticity modulus to be 18-25 GPa at room
temperature, increasing to 26-32 GPa at 500- 700 ◦C and decreasing to 10-15 GPa at
900 ◦C. The results imply that noticeable softening starts already before 900 ◦C. At
1000 ◦C the elastic modulus is suggested to be similar to that at 900 ◦C. After 1100 ◦C
measurements of MOE become unreliable due to considerable plastic deformation.
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Influence of heating and cooling rates on the stress

state of the brick lining in a rotary kiln using finite

element simulations

Dmitrij Ramanenka, Gustaf Gustafsson and Pär Jonsén

Abstract

Rotary kilns for iron-ore pellets production are highly dependent on a well-functioned
refractory brick lining. To improve the long-term capability of the lining, in-situ obser-
vations of the bricks’ performance are desired, however, the harsh environment inside the
rotary kiln makes it difficult or nearly impossible to study the lining during operation.
By using numerical simulations as a tool, some of the problems encountered by the brick
lining can be studied without limitation of the extreme conditions.

In this work, stress state of the lining was studied under the influence of different
heating and cooling rates, and different brick compaction cases. A finite element model
was created for conducting the numerical simulations. The numerical model was cal-
ibrated for transient heat transfer. Temperature dependent material properties of the
bricks and casing were used as input. The heating and cooling was controlled by tem-
perature prescription on the boundary of the brick lining, while brick lining compaction
by defining relative position of the bricks in axial and radial directions.

The conducted numerical simulations showed that considerable tensile stress may
appear in a large area of the brick during initial heating stage. The large tensile area
corresponds well with the typical circumferential cracks experienced by the bricks. It
was demonstrated that the compressive stresses counteract the development of tensile
stresses. However, the compressive stresses may become very large in the initial stage of
heating. The positive effect of lower heating rate was considerable on the tensile stresses,
while influence on the compressive stresses was almost unnoticed. The hypothetical
cooling rates showed that very high tensile stresses may occur on the surface of the
bricks, potentially leading to surface spalling. Furthermore, it was demonstrated that
axial compaction is highly important on the stress development in the lining, which,
may not always be followed in practice. As a general conclusion, it is recommended to
always achieve a tight compaction of the brick lining and to take measures for lowering
the heating and cooling rates.

The conducted work exemplifies behaviour of the brick lining for realistic heat trans-
fer and material properties. The insight into the behaviour gives possibilities to make
adjustments and directed investments for lowering risk of brick lining failure.
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1 Introduction

Iron-ore pelletizing plants are important deliverers of refined iron-rich products to iron-
and steel makers. The most valuable such product is iron-ore pellets. Transportation
issues and desired physical properties by the end-user (e.g. blast furnaces) require that
pellets are sintered. Sintering makes them hard and durable and is typically performed
at the site of the mining company.

The heat-treatment of iron-ore pellets is commonly made in the Grate-kiln pro-
cess [1], where sintering is performed in a refractory lined rotary kiln operating at tem-
peratures of up to 1350 ◦C. In its simplicity, a rotary kiln is a large steel tube that is
rotating about its axis and is heated by a flame. Typical dimensions are 30-45 m in
length and 5-8 m in diameter, see Figure 1.

The refractory lining is typically built up of high-alumina bricks [2] and is there
for containment of hot material and reduction of heat losses. Service conditions inside
the kiln are rough and expose the bricks to chemical, mechanical and thermal loads.
Damage to the bricks is inevitable and regular maintenance is performed. However,
unplanned emergency stops due to failure of the lining are not uncommon and are not
fully understood. The need of slow cooling prior to repairing followed by slow heating of
the kiln, makes the process of maintenance time consuming (5-14 days) and expensive.
To avoid emergency stops as well as to extend the time between the planed maintenance
is therefore of great interest.

Schacht and Schubin [3–7] present some analytical approaches on the subject of
thermo-mechanical loads on refractory linings. Boateng [8] and Saxena [9,10] are notice-
able in the literature with regard to rotary kilns and its practical issues. Authors of [11]
cover subjects on materials, design theory and practical principles found in refractory
engineering. Stjernberg et al. [12–14] have investigated infiltration mechanisms and their
influence on the chemical degradation of aluminosilicate bricks.

However, there is a scarce documentation in the field of refractory linings used in
rotary kilns with respect to reported numerical approaches to the existing problems.
Ramanenka et. al. [15, 16] are the few authors in the last decade suggesting numerical
approaches for studying the mechanical and thermo-mechanical issues of refractory lining
in the interaction with the casing of the rotary kiln.

Due to its size and harsh environment it is difficult to perform in-situ analysis or
observations of a rotary kiln. Traditionally, implementation of improvements is often
based on experience and, as the room for mistakes is limited due to high maintenance
costs, the advancements are slow.

With help of finite element modelling (FEM) [17], engineering problems can be
studied on a global scale without causing production delays, risking failures or being
limited by the extreme conditions found in a rotary kiln. In this work, transient FE-
analysis of refractory lining during heating and cooling of the rotary kiln are performed.
The influence of heating and cooling rate, as well as radial and axial gap between the
bricks on the stress state of the lining, is investigated. Furthermore, the aim is to examine
whether it is possible to find a critical heating and cooling rate and brick gaps with respect
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Figure 1: Illustration of a short dry-kiln used in iron-ore pellets industry (true proportions).

to the given material properties, and also to rank significance of those parameters.

2 Method

In the present study a rotary kiln is evaluated with regard to time-dependent events,
such as heating and cooling. The commercial finite element software, LS-DYNA [18],
was used for the numerical calculations. An implicit time integration method is used for
the calculations. Siemens NX 8.5 was used for creation of geometry and mesh. Mesh size
of most of the numerical parts varied between 22-25 mm. In order to increase precision
of the results the mesh size of some bricks was decreased to approximately 12 mm. LS-
OPT, a standalone package with an interface to LS-DYNA, was used for the calibration
of heat transfer parameters of the model.

In two previously reported articles, [15] and [16], rotary kiln in cold and hot state,
respectively, is studied without consideration of time-dependancy.

2.1 Geometry

To consider a full-size model of a rotary kiln would require very large computational
resources. In this work, the model of a rotary kiln is restricted to a section positioned at
a riding tyre of the rotary kiln. This position is advantageous due to simple boundary
conditions and also because failure risk of the brick lining is elevated at this position [10].
Dimensions of the cross-section of the rotary kiln and bricks are presented in Figure 2.

Simplifications Due to the massive size of the riding tyre, the deformation of it by
the gravitational force is insignificant (compared to the deformation of the casing that is
> 10 mm [15]). Therefore, the riding tyre could be assumed to be rigid, allowing as well
neglecting of the support rollers. However, it does expand noticeably during heating of
the rotary kiln. In the model presented in this work the riding tyre was included as a
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rigid body having its final expanded inner diameter, 7164 mm, i.e. 14 mm larger than
the nominal inner diameter at room temperature. The justification is that, as long as
the pads are not in full contact with the tyre along the whole circumference, as it should
in a well-functioned rotary kiln, the interaction effects are insignificant. Therefore, the
transient expansion of the riding tyre is not of interest, making it possible to use a rigid
riding tyre with the final expanded diameter. A separate calculation was performed in
order to find the expanded diameter. For that it was approximated that the steady state
temperature of the hot and cold face of the riding tyre was 220 and 120 ◦C, respectively,
for example see [16]. The created model for this study is a three dimensional model with
an axial depth (z-direction) corresponding to the thickness of three layers of bricks, see
illustration in Figure 3.

Figure 2: Dimensions (mm) of the unstrained rotary kiln cross section and the brick used in
the FE-model.

2.2 Material properties

As previously described, the riding tyre is modelled as a rigid body. Material properties
of the pads, the casing and the bricks are defined by a thermal, piecewise linear elasto-
plastic material model available in LS-Dyna (MAT 4) [18]. The pads and the casing are
given properties typical to low-alloy carbon steel, while bricks are high-alumina bricks
manufactured on the base of andalusite [19]. A summary of the temperature dependent
steel and brick material properties is presented in Table 1. Properties in-between temper-
ature ranges are linearly interpolated by the material model. The choice of the material
properties is based on the manufacturer’s data, conducted experiments and assumptions
supported by literature data.

The dynamic and static friction coefficient were both set to 0.55 for the brick-to-
brick contact and to 0.6 for the brick-to-casing contact, based on tilted-plane friction
measurements.
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z

Figure 3: Illustration of the rotary kiln model created in this work. Riding tyre is simplified as
a rigid body with its final expanded diameter. Three brick rows in axial direction.

Table 1: Summary of material properties of the brick lining used as input in the model.
Brick properties Steel properties

Temperature (◦C) 25 300 500 700 900 1000 1100 1300 25 300

Bulk density (kg/m3) [20] 2450 2450 2450 2450 2450 2450 2450 2450 7800 7800
Young’s modulus (GPa) [19, 21] 20 25 25 25 10 10 5 3 205 170
Poisson’s ratio (-) [3] 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.35
Coef. of th. expansion (×10−6K−1) [20, 22] 6 6 6 6 6 6 7 7 12 12
Yield stress (MPa) [19] 65 65 70 80 105 100 30 10 350 350
Tangential modulus (MPa) [19] 100 100 100 100 100 100 2000 1500 100 100
Heat capacity (J/Kkg) [23] 850 - - - - - - 1250 450 450
Thermal conductivity (W/mK) [20] 1.1 - 1.2 1.4 - 1.9 - 2 55 45

2.3 Boundary conditions

2.3.1 Heating, cooling and heat transfer

Heating and heat transfer boundary conditions are illustrated in Figure 4. The heat
transfer process can be described by interpreting the figure from left to right: i) Heating
of rotary kiln is induced by assigning temperature conditions to the boundary nodes of
the hot face of the brick lining (left side in the figure). These heating conditions were
supported on physical temperature measurements. ii) Heat transfer through the brick,
casing and pads is governed by their material properties described previously. iii) Heat
transfer parameters on the bricks-casing boundary, and the outer boundary of the casing
and pads (heat transfer to space) were calibrated so that temperature development on
the cold side of the casing and pads matched physical temperature measurements (right
side in the figure). The riding tyre was not considered in the thermal model.

To the heat transfer parameters of the bricks-casing boundary are considered fluid
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Figure 4: Illustration of heat transfer from hot face of the brick to the outer face of the casing
and pads.

conductivity, radiation and heat transfer conductance for closed gaps. Heat transfer to
space on the outer boundary of the casing and pads was controlled by convection only.

LS-Dyna requires a radiation factor as input for calculation of heat transfer by
radiation for a certain gap between two surfaces. That was approximated by the equation:
frad = σ/( 1

ε1
+ 1

ε2
−1), where σ is Stefan Boltzmann constant and ε emissivity of the bricks

and steel, 0.75 and 0.8, respectively. Giving a radiation factor of 3.58 · 10−8 (W/m2K4).

Heat transfer parameters of fluid conductivity, heat transfer conductance for closed
gaps and convection to space were calibrated with the support of LS-OPT. Fluid con-
ductivity was calibrated to 0.042 (W/mK), heat transfer conductance to 150 (W/m2K)
and convection to 25 (W/m2K).

Figure 5 shows the resulting temperature curve on the outer casing face after the
calibration of the heat transfer parameters. A good agreement between physical mea-
surements and output of the model was achieved.
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Figure 5: Temperature development on the outer face of the casing compared between physical
temperature measurement and model output after calibration of heat transfer parameters.
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2.3.2 Expansion restrictions

Radial expansion Radial expansion of the brick lining during heating is affected by
the initial compaction of the bricks and the restrain posed by the casing. The initial
radial compaction of the bricks presented in this work was controlled by subscribing
gap distance between neighbouring bricks, as illustrated in Figure 6. The bricks were
patterned in a circular manner, in total 85 whole bricks and a required smaller slice of
varied width for closing the brick lining.

After the bricks were positioned with a certain gap, the gravity load was applied,
resulting in a gap between the brick lining and the casing at the 12 o’clock position, Δh

, see Figure 7. This gap is a more practical reference to the level of radial compaction.

R1

R2

Figure 6: Illustration of radial gaps.

Δh

Figure 7: Illustration of the gap, Δh, formed between the brick lining and the casing after gravity
loading. Mesh for one of the bricks is represented; the other numerical parts were discretized
using the same or similar mesh.

Axial expansion Axial expansion of the brick lining is restricted by the axial gap
between the brick rows in combination with the axial restrain posed by various supports
along the casing. In this work, the model includes three rows of bricks in the axial
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direction. The axial gaps were controlled in a straight forward manner by subscribing
axial distance between the middle row and the two external rows. The axial restrain was
controlled by restricting the axial displacement of the two external brick rows by tightly
positioned rigid bodies. It was assumed that the axial displacement allowance was the
same as the axial expansion of the casing, therefore, the rigid bodies controlling the axial
restriction were prescribed the same axial displacement. See Figure 8 for the illustration.
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Figure 8: Illustration of the axial restrain controlled by a rigid body displacement equivalent to
the axial expansion of the casing.

2.4 Description of case studies

The primary purpose of this work is to evaluated the stress state of the brick lining
dependent on different heating and cooling rates, and compaction of the lining in the
radial and axial direction.

2.4.1 Variation of heating and cooling time

Heating and cooling time history applied on the hot face boundary of the brick lining in
the model is presented in Figure 9. The physical measurements indicate that temperature
increase of the hot face of the lining is considerably faster in the beginning of the heating
procedure compared to the major part of the heating time. Based on this remark, the
heating of the hot face lining boundary is, for the sake of simpler comparison, linearised
in two parts. In the first part, heating from ambient temperature to 800 ◦C is performed
in 2, 3 and 4 hours. In the second part, the boundary is heated to 1250 ◦C until the
steady state is reached. In total the heating procedure is 36 h.
Cooling of the hot face boundary of the brick lining is performed in a linear fashion from
steady state temperature (1250 ◦C) down to ambient temperature. Five hypothetical
cooling rates were investigated: 2, 4, 8, 16 and 32 h from steady state to the ambient
temperature for the hot face boundary of the brick lining.
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2.4.2 Variation of radial and axial compaction

The effect of the brick compaction on the stresses of the brick lining was investigated
by varying the radial and axial gaps between the bricks. Three cases were tested for
the radial and axial gaps: dense, intermediate and loose compaction in the radial and
axial direction. See inserted table in Figure 9, where R1 and R2 denote the radial gaps
described previously and A measuring axial gap between the brick rows.

The above described heating and cooling cases were applied for every brick com-
paction case. Also, a reference case − a single brick − was tested for illustrating a case
without any axial or radial restrain.
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Figure 9: Heating and cooling time history applied on the hot face boundary of the brick lining.
Inserted table summarizes the investigated radial and axial gaps applied for every temperature
curve. R1 and R2 − radial gaps between the bricks, see Figure 6; A − axial gap between the
brick rows.

3 Results and Discussion

3.1 Identification of stress state during heating, steady state
and cooling

3.1.1 Tensile stresses

Here, tensile stresses are defined as the maximum of 1:st principal stresses, i.e. the
orientation of stresses is not always specified.

Figure 10 exemplifies development of largest tensile stresses in the brick lining during
heating, steady state and cooling for the different heating and cooling rates.

Three main regions of interest were identified and evaluated: I© − the peaks during
initial stage of heating, II© − the steady state and III© − the peaks during cooling. Figure
10 visualizes the orientation of the largest tensile stresses in those regions.
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Figure 10: Development of the maximum tensile stress in the lining during heating, steady
state and cooling. Notations in the figure denote the different heating and cooling rates. Here
exemplified by the compaction case 0x0.1x0.1 (Δh = 6 mm, A = 0.1 mm). The included figures
denote the location and orientation of the maximum tensile stress (red) for the areas of interest.
Hot face of the bricks oriented upwards.

Initial heating stage, I© A large tensile stress area establishes during the initial
heating stage, see Figure 10 case I©, when the hot face of the brick lining is heated from
ambient temperature to 800 ◦C in 2, 3 or 4h. The created tensile stress acts in the radial
direction of the brick lining, risking to develop cracks perpendicular to the heat gradient.
Cracks running across the whole brick on the depth of 50-70 mm from the hot face of
the brick have been commonly observed [19].

Figure 11 summarizes levels of tensile stress and the effect of heating rate and the
different axial and radial brick lining compaction cases during the initial heating stage.

Among the studied cases, the lowest and highest tensile stresses during initial heating
stage reached approximately 2.5 and 6.5 MPa, respectively. The considerable difference
is an effect of different heating rates and compaction of the lining. In general, it could
be seen that, the tighter compaction the lower tensile stress. Furthermore, the reference
case for a single brick, see Table 2, shows that theoretical maximum tensile stress during
the initial heating stage may reach nearly 12 MPa, for the presented cases, if now axial
or radial restrain is applied on the brick.

The effect of heating rate is significant. In overall, the tensile stress, independent
of the compaction case, was lowered by 30-40 % when heating time for reaching 800 ◦C
increased from 2 to 4 h.

Dependency to radial gaps was of a mixed character. If the brick lining was al-
ready loose in the axial direction, then, the effect of radial compaction was insignificant
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Figure 11: Maximum tensile stress levels during initial heating for the different heating rates
and compaction cases.

in all cases. There was also insignificant influence of radial compaction on the tensile
stress when changing from loose (Δh = 16 mm) to intermediate (Δh = 6 mm) radial
compaction, independently of the axial compaction. However, there was a noticeable
influence on the tensile stresses when changing from an intermediate to tight (Δh = 0
mm) radial compaction. Then, the tensile stresses lowered by some 15-20 %, when the
axial compaction was tight or intermediate.

As the heating rate is lowered and the temperature rises, the large tensile stress area
starts to diminish and stresses in other directions start to dominate.

Steady state, II© Tensile stress during major part of heating (not initial heating) and
the steady state is located at the cold side of the brick, acting in the circumferential
direction, opening cracks parallel to the heat gradient. The arising of this stress is due to
gradually increased frictional force between the brick lining and the casing during heating,
no such stress occurs if the casing is not present. This type of stress is considered to be,
despite its rather large value, less critical as the stress is localized in a narrow region.
It is reasonable that some detachment of the brick material occurs, leading to lowered
friction between the brick lining and the casing, ultimately leading to lowered stress as
well.

Radial cracks of the bricks are commonly not observed.

Cooling, III© During cooling stage, the highest tensile stresses concentrate at two re-
gions of the brick lining of similar stress levels. One region occurs at the hot face of the
lining, where stresses act mainly in the circumferential (ϕ) direction. Another maxima
region occurs at a depth of approximately 70 mm from the hot face of the brick, acting
in the radial (r) direction.
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3.1.2 Compression stresses

Compressive stresses are defined as the minimum of the 3:rd principal stresses, i.e. the
orientation of the stresses is not always taken into the consideration.

Figure 12 exemplifies development of largest compressive stresses in the brick lining
during heating, steady state and cooling for the different heating- and cooling rates.

Three regions are evaluated: I© the peak during initial stage of heating, II© the
steady state and III© the cooling region. Figure 12 visualizes the orientation of the largest
compressive stresses in the region I© and II©.
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Figure 12: Development of the maximum compressive stress in the lining during heating, steady
state and cooling. Notations in the figure denote the different heating and cooling times. Here
exemplified by the compaction case 0x0.1x0.1 (Δh = 6 mm, A = 0.1 mm). The included figures
denote the location and orientation of the minimum compression stress (red) for the areas of
interest. Hot face of the bricks oriented upwards.

Initial heating stage, I© During the initial heating stage the compressive stresses
peak accordingly with the heating rate. The stresses concentrate at the hot face of the
brick lining, see 12 case I©, acting in the the circumferential (ϕ) direction.

Figure 13 summarizes levels of compression stress under the influence of different
heating rates and compaction cases during the initial heating stage. Despite the much
higher strength of the brick in compression than in tension, one should be aware, as the
compression stress can reach considerable levels.

Among the studied cases, the lowest and highest compressive stress (absolute values)
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Figure 13: Minimum compression stress levels during initial heating for the different heating
rates and compaction cases.

during the initial heating reached approximately 63.5 and 92 MPa, respectively, affected
by different heating rates and compaction degrees. Opposite to the tensile stresses be-
haviour, the tighter compaction − the higher compression stresses. Furthermore, nat-
urally, the reference case of a single brick shows that considerably lower compression
stresses evolve if no axial or radial restrain is applied during heating, see Table 2.

The effect of heating rate is rather low. The compression stress was lowered by not
more than 7 % when heating time for reaching 800 ◦C increased from 2 to 4h, independent
of the compaction case. Which is also the reason why the positive effect of heating rate
is much larger on the tensile stresses. Namely, the higher compressive stresses, the lower
tensile stresses.

Radial gap dependency was varying. When the brick lining was tight in the ax-
ial direction, the effect of radial compaction was insignificant in all cases. There was
also, as in the case of tensile stresses, insignificant influence of radial compaction on the
compressive stresses when changing from loose (Δh = 16 mm) to intermediate (Δh = 6
mm) radial compaction, independently of the axial compaction. However, there was a
noticeable influence on the compressive stresses when changing from an intermediate to
tight (Δh = 0 mm) radial compaction. Then, the compressive stresses increased by some
15 %, for cases when the axial compaction was tight or intermediate.

As the heating rate is lowered and the temperature rises, the compressive stress
area at the hot face of the lining starts to move towards the middle of the brick and to
decrease the levels until the steady state is reached.

Steady state, II© Largest compressive stresses during steady state develop in the
central part of the brick, reaching rather moderate levels well below the brick’s technical
limitations.
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Cooling, III© Compressive stresses during cooling drop from the steady state levels
until vanishing, hence are not of a concern.

Table 2 summarizes the results of all the conducted numerical simulations.

Table 2: Summary of the conducted simulations. * A slight increase of compression stress before
continuing towards zero stress, indicating a point when casing contracts faster than the brick
lining.

Max. tensile stress (MPa) Min compression stress (MPa) × [−1]

Heating RT → 800 ◦C Steady st. Cooling 1250 ◦C → RT Heating RT → 800 ◦C Steady st. Cooling 1250 ◦C → RT

R1xR2xA (mm) Δh (mm) 2 h 3 h 4 h 1250 ◦C 2 h 4 h 8 h 16 h 32 h 2 h 3 h 4 h 1250 ◦C 2 - 16 h 32 h*

0x0x0 0 3.9 3.1 2.5 17.8 40 27.5 18 10 4.5-5.5 92 92 92 31.5 → 0 ↗ → 0
0x0x0.1 0 4.4 3.5 2.9 17 40 27.5 18 10 4.5-5.5 90 88 86 27.5 → 0 ↗ → 0
0x0x0.4 0 6.1 4.7 3.9 16.7 40 27.5 18 10 4.5-5.5 75 73 72 26.5 → 0 ↗ → 0
0x0.1x0 6 4.8 3.7 3.2 15.5 40 27.5 18 10 4.5-5.5 90 90 90 28.5 → 0 ↗ → 0
0x0.1x0.1 6 5.1 4.1 3.5 14.5 40 27.5 18 10 4.5-5.5 79.5 77.5 75.5 24.5 → 0 ↗ → 0
0x0.1x0.4 6 6.4 5 4.1 14.5 40 27.5 18 10 4.5-5.5 62.5 64.5 63.3 23.5 → 0 ↗ → 0
0.1x0.2x0 16 4.6 3.7 3.2 15.5 40 27.5 18 10 4.5-5.5 90 90 90 29 → 0 ↗ → 0
0.1x0.2x0.1 16 5.1 4.3 3.8 15 40 27.5 18 10 4.5-5.5 79.5 77.3 75.5 23.5 → 0 ↗ → 0
0.1x0.2x0.4 16 6.5 5 4 14.7 40 27.5 18 10 4.5-5.5 65.5 64.5 63.5 23.5 → 0 ↗ → 0

Single brick - 11.8 9.8 8.3 5 40 27.5 18 10 6.2 26 20 17 2.5 → 0 → 0

4 Conclusions

This work investigated how the stress state of the brick lining in a rotary kiln varied for
different heating and cooling rates in combination with different initial compaction of the
brick lining in the radial and axial directions.

• It was found that a large tensile stress area acting in the radial direction is formed
during the initial heating stage of the brick lining, reaching >6 MPa for the worst
case scenario presented in this work. It is believed to be highly important for the
health state of the brick lining, as large cracks developed in the area are commonly
observed.

• As a general behaviour it was observed that the tighter compaction of the brick
lining, the lower tensile stresses during the initial heating of the brick lining. This
is because of the increased compressive stresses which neutralize some part of the
tensile stresses. Hence, to some degree, the dangerous tensile stresses during the
initial heating stage could be controlled by an increased compaction of the brick
lining.

However, also the compressive stresses can reach considerable levels. In the example
of tightly packed lining presented in this work, compressive stresses >90 MPa were
reached, which is certainly on the limit of the material’s capabilities.

• Heating rate had a considerable effect on the level of tensile stresses during the
initial heating stage, independently of the brick compaction. This was not the case
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for the level of compressive stresses, which changed only insignificantly. Significant
reduction of tensile stress is to expect when reducing the initial heating rate.

• The positive effect of radial compaction on the tensile stress was significant only
in the case of tight compaction. There was no effect of increasing the radial com-
paction from loose to intermediate for the cases tested in this work, neither for
tensile or compressive stresses.

Axial compaction of the brick lining had a noticeable effect on the tensile and
compressive stresses in most cases. Again, the largest effect was in the case of tight
axial compaction compared to the intermediate or loose axial compaction.

It seems that the beneficial effect of radial and axial compaction is found in a rather
narrow interval, in practice the recommendation would be to always achieve a tight
compaction in both radial and axial direction without any compromises.

• Neither tensile or compressive stresses of the brick lining were considered to be
dangerous at the steady state

• Compressive stresses during cooling of the lining are considered to be harmless.

Tensile stresses, however, can become considerably high, during the hypothetical
cooling rates tested in this work. The location of the stress may lead to spalation
of the brick, if too fast cooling rates are applied.
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