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Deposit Formation in the Grate-Kiln Process 

 

Abstract 
 

Deposit formation in the grate-kiln process is a challenge for the iron ore pellet production industry. The 
deposits cause disturbances that affect the production capacity of the pelletizing plant. To prevent or 
mitigate these occurrences, it is important to understand the deposit formation mechanism during the 
process, which is the overall goal of this work. The results from this work can be used to enhance the 
understanding of deposit formation in the iron ore pelletizing industry. 

In this work, particle and deposit formations were studied both in a full-scale grate-kiln plant (40 MW) 
and in a pilot-scale pulverised coal-fired furnace (400 kW). The sampled particles and deposits were 
characterized with scanning electron microscopy equipped with energy dispersive spectroscopy 
(SEM/EDS), X-ray diffraction (XRD), transmission electron microscopy (TEM), laser diffraction (CILAS) and 
X-ray fluorescence (XRF). 

In the first part of this work, the initiating step in deposit formation— i.e. particle formation 
mechanisms— was investigated. Particles were sampled from the transfer chute in a full-scale grate-kiln 
production plant during combustion of oil and coal in separate firings. The results showed that particles 
in the flue gas consisted principally of fragments from iron ore pellets and minor ashes from heavy fuel 
oil and pulverised coal combustion. Three categories of particle modes were identified: (1) a submicron 
mode consisting of condensed products from vaporized species that had relatively high concentrations of 
Na and K for both combustion cases, with high concentrations of Cl and S during heavy fuel oil 
combustion, and high concentrations of Si, Fe and minor P, Ca and Al during coal combustion (2) a first 
fragmentation mode consisting of both iron ore pellet fines and fly ash particles with a significant 
amount of Fe (>65 wt %) for both combustion cases, with high concentrations of Ca and Si during heavy 
fuel oil combustion and high concentrations of Si and Al during coal combustion (3) a second 
fragmentation mode consisting almost entirely of coarse iron ore pellet fines, predominantly Fe (~90 
wt %). The particles in the flue gas were dominated by iron ore fines within the second fragmentation 
mode, which contributed >96 wt % of the total mass of collected particles. 

In the second part of this work, short-term deposits were collected at the same location in the grate-kiln 
as the collection of particles.  They were characterized by their chemical composition and microstructure 
in order to obtain information about the deposit formation. Deposit sampling was carried out during 
separate combustion firings of oil and coal. A significant difference in the deposition behaviour was 
observed: deposition during oil firing was negligible compared with coal firing. The deposits from coal 
firing were mainly fine-grained iron oxide particles embedded in a molten (bonding) phase that 
comprised mainly of Si, Al, Fe, Ca and O. Moreover, it was found that the prevailing flue gas direction 
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determines the formation of the deposits on the probe and that inertial impaction controls the 
deposition rate. However, this rate can also be affected significantly by the amount of entrained particles 
that were present in the kiln. 

In the third part of this work, two different coals were combusted both in a full-scale grate-kiln plant and 
in a pilot-scale pulverized coal-fired furnace (ECF).  The ECF is designed as a scaled-down grate-kiln for 
combustion testing. Particle and short-term deposit samplings were carried out in both appliances. Dust 
originating from iron ore pellets was only present in the grate-kiln as there was no flow of iron ore 
pellets in the ECF. The results showed that Na, K and Cl contents in submicron mode were higher in the 
grate-kiln than in the ECF, due to alkali circulation in the grate-kiln. The coarse mode particles (2.6-4.2 
µm) sampled from the grate-kiln contained significantly more Fe, which originated from the iron ore 
pellets. The presence of coarse particles (>6 µm) was substantial (>96 wt % of the total particle mass) in 
the grate-kiln but insignificant in the ECF. The short-term deposits from the grate-kiln consisted of a 
variety of particles from both iron ore pellets and coal ash particles embedded in an iron-rich silicate 
molten phase. Short-term deposits from the grate-kiln were harder and denser compared to the short-
term deposits from the ECF.  Short-term deposits from the ECF were porous and consisted of coal ash 
particles embedded in a silicate molten phase. The molten phase in short-term deposits from the grate-
kiln had a higher Fe content and a higher CaO/(SiO2+Al2O3) ratio than the molten phase from the ECF 
short-term deposits. Thermochemical calculations showed that the molten phase in the short-term 
deposits from the grate-kiln had a lower viscosity compared to the molten phase in short-term deposits 
from the ECF. 
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1 Introduction 

1.1 Background 
 

Iron ore is an important natural resource that has been contributing decisively to human society by 
enabling the production of materials with great versatility, strength and safety. In 2011, the world 
iron ore production was approximately 1 920 Mt 1. Almost all (98%) of the mined iron ore is used in 
steelmaking.2 Mined iron ore can be used directly as lump ore, or converted to e.g. pellets, to be 
reduced either by direct reduction or in a blast furnace. In 2010, 25% of the mined iron ore was 
converted into pellets.3 During the pelletizing process, the iron ore is first crushed into a powder, 
mixed with additives and a binder, before being balled into green pellets (9-15 mm in diameter) that 
are thereafter sintered in an induration furnace.4 Besides convenience for transportation, 
pelletization allows the composition of the iron ore to be engineered for increased reducibility during 
the iron-making process in the blast furnace. Their specially engineered composition also makes it 
possible to control the slag zones inside the blast furnace5 for improved energy efficiency and 
productivity. Iron ore pellets can be further refined into vast varieties of steels suitable for the 
production of a myriad of metal products.   

The two most common processes used for pelletizing today are the travelling grate and the grate-kiln 
processes. The travelling grate process is most often used for hematite (Fe2O3) ores while the grate-
kiln process is most often used for magnetite (Fe3O4) ores. The travelling grate process uses a 
stationary bed of pellets that are transported through the process zones for drying, oxidation, 
sintering and cooling. The grate-kiln process uses a shorter grate and a rotary kiln in order to achieve 
more homogenous induration of the pellets. The total residence time of the pellets in a grate-kiln 
furnace is around 30 minutes, although this can vary depending on plant dimensions. A burner is 
located in the end of the rotary kiln and the primary fuel is normally coal powder. 

In the iron ore pelletizing process, there is a known phenomenon of deposit or slag formation upon 
the grate-kiln walls. It causes production disturbances that affect the production capacity of the 
pelletizing plant. Planned maintenance at the grate-kiln production plant, at which this study is based, 
is carried out annually to repair the travelling grate plates and to mechanically remove the slag from 
the inner wall in the grate-kiln. It takes approximately 1 to 2 weeks to complete all reparation and 
maintenance procedures. Although such planned maintenance is carried out regularly, unplanned 
stops are encountered due to deposits that fall from the inner wall of the grate-kiln. Besides 
disrupting the process, the accumulated slag may cause other undesirable consequences such as 
damage of machinery and wearing out of refractory wall linings in the rotary kiln.  

Ash (particle) deposition in pulverised coal combustion utilities is a well-known phenomenon and has 
been studied in numerous works, such as Walsh et. al. 6, Wall and Baxter 7,8. Furthermore, the 
particle formation mechanisms in coal combustion have also been well described. 7,9-18. Compared 
with the pulverised coal combustion process in power plants, the deposit formation process in the 
grate-kiln plant is complicated by the  addition of particles from disintegrated iron ore pellets 
entrained in the gas flow that, together with the coal ash, contribute to the formation of deposits. 
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The slag formation in the grate-kiln process is hard to predict and is an expensive and a difficult 
problem for the iron-ore pellet industry.  In spite of this, there are relatively few published works 
that address deposit formation in the grate-kiln plant. It has been described in the literature the coal 
can be used for the rotary kiln burner, with consideration to the coal ash properties and proper 
process conditions 19. Coal fuel that caused slagging problems in a grate-kiln plant was previously 
mentioned in a paper 20, which described the grinding properties of coal and burner operation. It was 
difficult to determine the best type of coal for the kiln when considering solely on the fuel properties, 
despite using deposit parameters to study the coal ash deposits. Deposit formation in a rotary kiln 
was studied in a grate-kiln process that combusted natural gas, with results suggesting that the 
concretion strength of deposits increased at higher temperature 21.  

A study22 conducted by the iron ore mining company Luossavaara-Kiirunavaara AB (LKAB)  led to the 
hypothesis that coal ash acts as a binding bridge in between the deposits between iron ore pellet 
particles that lead to deposit formation. To further elucidate the slag formation processes in the 
grate-kiln process, a decision was made to carry out  this project work in cooperation between the 
project members from the Division of Energy Science, Division of Process Metallurgy, Division of 
Materials Science at Luleå University of Technology, Division of Research and Development at LKAB, 
Energy Technology Centre in Piteå and Energy Technology and Thermal Process Chemistry at Umeå 
University, and in collaboration with School of Materials and Engineering at the University of New 
South Wales in Australia. 

In this work, the problematic phenomenon of deposit formation in the grate-kiln plant was 
approached with particle and deposition sampling to understand the initialling mechanism. 
Additionally, pilot-scale pulverised coal combustion experiments without iron ore pellets facilitated 
the understanding of particle formation and ash deposition of the specific coals that were used in the 
grate-kiln process. Consequently, the influence of iron ore pellets towards initial deposit formation in 
the grate-kiln could be deduced and better understood.  
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1.2 Objectives 
 

The overall objective of this work was to improve the understanding of deposit formation 
mechanisms during production of iron ore pellets in grate-kiln processes.  

More specifically, the objectives of the investigations were to: 

• Characterize the particles in the flue gas during combustion of oil and coal in a full-scale 
grate-kiln plant to obtain information on the particle formation process. 

• Characterize the formation of sampled short-term deposits in a full-scale grate-kiln process 
to obtain information on the deposit formation mechanisms.  

• Compare the particle and deposit formation characteristics between a full-scale grate-kiln 
plant and a pilot-scale pulverized coal-fired furnace with the aim of determining the potential 
influence of iron ore pellet dusts on the deposit formation process. 
 

1.3 Outline 
 

There are three papers that are included in this thesis, all with focus on the deposit formation in the 
full-scale grate-kiln process. These papers approached the problem of deposit formation in the grate-
kiln plant from different aspects that based on actual experimental results and analyses from a full-
scale grate-kiln plant (owned by LKAB) and a pilot-scale pulverised coal combustion furnace.  

In the first part of this work, the initiating step in deposit formation—i.e., particle formation 
mechanisms—during production of iron ore pellets were investigated (Paper I). Particles were 
sampled from the transfer chute in a full-scale grate-kiln production plant using a high temperature 
particle sampling method during combustion of oil and coal in separate firings. 

In the second part of the work (Paper II), the short-term deposits (collected in-situ in the grate-kiln at 
the same location as the particles in paper I) were characterized through determination of the 
chemical composition and microstructure, to obtain information about the deposit formation 
mechanisms in a grate-kiln plant for iron ore pelletizing. Deposit sampling was carried out during 
combustion of coal and oil in separate firings.  

The influence of iron ore pellet dust on deposit formation was important to investigate in order to 
better understand the deposit in the grate-kiln. Pilot-scale combustion experiments were therefore 
carried out in Paper III, in cooperation with LKAB, MEFOS, ETC, Luleå University of Technology (LTU) 
and University of New South Wales (UNSW) from Australia.  Two coals were combusted in the full-
scale and pilot-scale experiments. Comparison of the deposits from both full-scale and pilot-scale 
sampling increased understanding of the particles and deposits from the specific coals. The pilot-
scale results showed how the short-term deposit may behave in the absence of iron ore pellets at 
similar temperature exposures. In turn, the bigger picture of the deposit formation mechanism in the 
grate-kiln plant could be deduced and better understood. In addition, comparisons of deposits with 
and without alkali circulation were presented in Paper III.   
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2 Grate-Kiln Process  
 

The grate-kiln process is utilized to produce iron ore pellets, and where magnetite green pellets are 
oxidized to hematite pellets. The whole system consists of (1) a travelling grate where pellets 
undergo drying, preheating and oxidation, (2) a rotary-kiln that further heats up and sinters the 
pellets at high temperature and (3) a cooler where pellets undergo cooling with cold air. The full-
scale experiments were performed in the grate-kiln plant named Kiruna Kulsinterverk 2 (KK2) owned 
by the Swedish mining company Luossavaara-Kiirunavaara Aktiebolag (LKAB). The thermal input 
power of fuel for the plant is ~40 MW. The KK2 pelletizing plant has been in operation since 1981, 
with an average annual production of about 4 million tons of iron ore pellets. The travelling grate of 
this plant is a broad transport conveyer that is built up of perforated plates between chains with a 
total length of 60 m and a width of 4.38 m.  

In the beginning of the grate, pellets with a moisture content of ~11% from the concentration plant 
are loaded on a transport conveyer. During the transportation of the iron ore pellets through the 
grate, pre-heated air from the cooler is blown through the pellet bed (bed depth ~20 cm) in such a 
way that appropriate process temperatures are achieved in the different zones of the grate. The 
different zones in the grate are: Up Draft Drying (UDD), Down Draft Drying (DDD), Temperate Preheat 
(TPH) and Preheat (PH). In the UDD zone, pre-heated air with a temperature of ~150 °C from the 
cooler is blown upwards through the pellets bed to dry the pellets. The temperature of the pellets 
leaving the UDD zone is ~50 °C. In the DDD zone, pre-heated air from the cooler with a temperature 
of ~400 °C is blown downwards onto the pellet bed to dry up the moisture at the upper pellet bed 
and prepare the pellets for preheating at elevated temperature in the next zones of the grate. In the 
TPH zone, pre-heated air (1000 °C) from the cooler is blown downwards through the pellet bed. The 
oxidation of the pellets starts in the TPH zone. 23 In the PH zone, hot flue gas (~1200 °C) from the kiln, 
together with the exothermic oxidation of the pellets from magnetite to hematite, heats up the 
pellet bed. The oxidation energy is significant and at normal operation condition contributes 2/3 (80 
MW) of the total thermal energy in the plant. 

At the end of the travelling grate, there is a rotary kiln with 4% inclination that rotates at 1.4 rpm, 
with a length of 34 m and a diameter of 5-6 m. The flue gas from pulverised coal combustion or 
heavy fuel oil combustion in the rotary kiln flows in the opposite direction (from kiln to preheat zone 
in the grate) to the travelling direction of the iron ore pellets bed (from grate to kiln) as shown in 
Figure 1 
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Figure 1 Full-scale grate-kiln plant (Modified from source, courtesy of Metso Minerals).24  
Transfer chute was the sampling location where particles and deposits were collected. 
Note: UDD - up draft drying, DDD – down draft drying, TPH – temperate preheat zone, PH – preheat zone. 
 

In the kiln, the iron ore pellets are subjected to sintering at elevated temperature as they tumble and 
descend through the rotary-kiln. In order to obtain a sufficiently high process temperature in the kiln 
that is required for sintering of the pellets, heavy fuel oil or pulverized coal are used as fuels. The 
fuels are introduced to the furnace from a coal or oil burner that is installed at the end of the rotary-
kiln. Pulverised coal is the major fuel used for heating of the pellets in the kiln during normal 
operation, while heavy fuel oil is used during the start-up of the process and during disturbances 
related to the coal feeding system. Pre-heated air (~1100 °C) from the first zone of the annular cooler 
is used as combustion air. The air-to-fuel ratio corresponds to an excess air level of 16% O2 in the gas 
stream leaving the kiln and the combustion air is supplied both from above and below the burner.  

The hot pellets that have been oxidized in the grate and sintered in the kiln are thereafter 
transported to the annular cooler where they are cooled by air that is blown through the pellet bed 
(bed depth ~70 cm). As mentioned earlier, the pre-heated air from the cooler is thereafter used as 
process gases in the kiln and in the different zones of the grate.  The annular cooler in KK2 has an 
inner and outer diameter of 6.1 and 9.9 m. 
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3 Materials and Methods 
 

3.1 Particle Sampling System 
 

The particle sampling system that was adapted to the full-scale grate-kiln process is presented 
schematically in Figure 2. Particle samples were withdrawn from the gas stream via a water-cooled 
rapid dilution particle probe, made with SS2343/EN1.4436 steel. The water-jacketed particle probe 
was continuously cooled during samplings to prevent deformation of the probe due to the high 
process temperatures ~1000-1300 °C.  

 

Figure 2 Particle sampling system.24  

 

3.1.1 Method description 
The particle samples were withdrawn perpendicularly (non-isokinetically) to the main gas stream. 
Directly at the probe tip, the hot flue gas (~1200 °C) was diluted and cooled with pure nitrogen gas. 
The gas temperatures directly after dilution in the probe tip were in the range of 79-102 °C during 
the samplings and this temperature was measured with a 1.5 mm commercial K-type thermocouple 
(Tprobe).  After dilution, gaseous components of inorganic vapour should nucleate and create very 
small particles that have no significant interaction with larger particles that are already present in the 
flue gas 25. The dilution degree was adjusted by the needle valve that controlled flow input of 
nitrogen gas into the probe tip. The dilution factors were in the range of 16-37 during sampling in the 
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full-scale experiment, while during the pilot-scale, it was in the range of 10-12. The dilution factors 
were calculated as the ratio of the oxygen content in the un-diluted flue gas at the sampling location 
to the oxygen content in the diluted sampling gas.  

Particles withdrawn from the transfer chute first passed through the 1 m long particle probe. Large 
particles were separated from the gas flow with a pre-cyclone with a size cut of ~6 μm; thereafter the 
flow entered into a 13-stage Dekati-type low-pressure impactor (LPI) that classified particles 
according to their aerodynamic diameters in the range of 0.03-11 μm (Figure 3). The LPI operates 
according to the principles of inertial impaction 26,27. Impactor stages 1 and 10 were selected for 
analysis because of the significant amounts of particles that were collected upon them; the cut-off 
diameter (d50) for impactor stage 1 was 0.03 μm and for stage 10 it was 2.6 μm. Thin aluminium foils 
were used as impactor substrates. The last (bottom) plate of the impactor acts as a sonic orifice 
regulating the gas flow through the LPI to ~18 L/ min. A manometer was connected to the sampling 
pipe after the LPI to monitor the pressure and ensure proper operation of the pump to control the 
flow through the impactor. At the end of the system, a flue gas analyser was used to measure the gas 
concentrations of O2, CO2, CO and NOx continuously during the sampling periods. 

 

   

Figure 3 Particle sampling system (a) docked at the transfer chute of a grate-kiln process during 
sampling; (b) Impactor stages with different impaction nozzles from the cascade impactor. 

 

3.1.2 Particle sampling positions 
The sampling location at the full-scale grate-kiln plant (KK2) was at the transfer chute, marked in 
Figure 1. This spot was chosen because from experience, the transfer chute is most affected by 
deposit problems at this plant. An adapter was used to dock the designed sampling probe of outer 
diameter 48.3 mm into an existing 76.2 mm diameter inspection hatch. 
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3.1.3 Inertia impaction 
Impaction is a special case of curvilinear motion that enables the collection and size-distribution 
measurement of aerosol particles. The cascade impactor is an instrument based on impaction that 
has been used extensively for the measurement of particle size distributions. As seen in Figure 4, an 
aerosol-containing gas stream is passed through a nozzle and the output stream (jet) is directed 
against the impaction plate. The impaction plate deflects the flow to form an abrupt 90° bend in the 
streamlines. Particles whose inertia exceeds a certain value are unable to follow the streamlines and 
collide onto the impaction plate. Smaller particles can follow the streamlines and avoid hitting the 
impaction plate. They remain entrained and pass through the impactor plate. Thus, a single impactor 
stage separates aerosol particles into two size ranges; particles larger than a certain aerodynamic 
size are removed from the airstream, while those smaller than that size remain entrained and pass 
through the impactor stage. 26  Therefore, consecutive impactor stages that cause increasingly abrupt 
bends in the streamlines facilitate the separation and measurement of particle size distributions.   

 

                  (a)                                                                  (b) 

Figure 4 Cascade impactor cross sectional view 26 (a) Schematic diagram; (b) Separation of particle 
from gas flow due to impaction. 

 

3.1.4 Temperature measurement 
The temperatures of the flue gas from coal combustion were measured separately with a fine wire 
(50 μm wire diameter) S-type (Pt and Pt 90%/Rh 10%) thermocouple. During the measurements the 
temperature probe was inserted 100 cm from the outer wall at the transfer chute, with effective 
insertion depth of 65 cm due to the 35 cm inner wall thickness. 

The gas temperatures were measured at the transfer chute on two different days for a period of 10 
minutes during each measurement.  This period was required to allow stabilization of the 
temperature measurements.  

TO VACUUM PUMP 



  9 

3.2 Experimental Procedures – Grate-Kiln 

3.2.1 Particle sampling procedures 
Impactor substrates (Al plates) were loaded onto individual stages in the low pressure impactor 
before the every particle sampling. Each substrate was weighed carefully before and after particle 
sampling in order to measure the mass of sampled particles. The particle sampling system (Figure 2) 
was operated for 10-30 minutes depending on the docking depth of the particle probe, so that 
enough material could be collected and analysed.  

During fuel oil combustion, three measurement campaigns were presented and is referred to as 
Oil(100)1-3 in the results section.  The probe was inserted 100 cm from the outer wall into the flue 
gas. Since the refractory lining at the inner wall has a thickness of 35 cm, the effective insertion 
depth was 65 cm.  

During coal combustion four individual experiments were presented and were referred to as 
Coal(100)1-2, Coal(50)3-4 in the results section. Particles were sampled from the transfer chute at 
two docking depths of the particle probe, 100 cm and 50 cm from the outer wall (i.e. effective 
insertion depths of 65 cm and 15 cm, respectively). The purpose of two docking depths was to 
investigate the influence of the insertion depth on the particle size distribution. When the sampling 
probe was inserted 100 cm into the transfer chute, the sampling point was located in the prevailing 
gas flow. The flue gas velocity at that point could be up to 30-40 m/s as estimated from a CFD 
simulation.22 When the sampling probe was inserted 50 cm into the transfer chute, the sampling 
position was most likely located in a recirculation zone due to the inner geometry of the transfer 
chute, since the width of the flue gas channel increases from the kiln to the PH zone at the transfer 
chute.  

After every measurement, the impactor and the cyclone were carefully dismounted and the impactor 
stages and the trapped particles were stored in small containers. Particles from the cyclone were also 
stored in small containers. All 13 impactor substrates were weighed carefully with a 6 decimal (0.001 
mg) microbalance before and after the sampling to determine the mass of collected particles. 
Particles sampled with the cyclone were also weighed after the sampling. The impactor substrates 
(with particles) and cyclone particles were stored in a desiccator after samplings and before they 
were analysed chemically and physically with ESEM, TEM and laser diffraction.  

 

3.2.2 Deposit sampling procedures 
The deposition probe was fully docked to a depth of 100 cm from the outer wall during sampling. 
Since the refractory lining at the inner wall of transfer chute has a thickness of 35 cm, the effective 
insertion depth was 65 cm. Refractory plates were mounted on the un-cooled tip of the probe for 
deposit sampling.   

In order to verify the influence of the flue gas direction upon the deposit formation, the probe was 
turned at different angles; therefore there is a wind-side (0°, 45°) and a lee-side (180°, 225°) of the 
sampled surfaces, as shown in Figure 5.  
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Figure 5 Wind-side and lee-side of deposit sampling surface at the un-cooled deposition probe tip. 

 

At the full-scale grate-kiln, there were 3 samplings carried out during oil combustion and 4 during 
coal combustion. During the sampling from the oil combustion, the refractory plate probe was 
positioned at wind-side angles of 0° and 45°. During 3 of the samplings with coal combustion, 
refractory brick plates were attached on both sides of the probe, so that one plate was facing 
towards the wind-side, and the other plate towards the lee-side. Further details for each deposit 
sampling from the grate-kiln can be found in Paper II. 28 

 

   

Figure 6 Before (left) and after (right) deposit sampling at the un-cooled tip of deposition probe. 
Deposit was sampled during coal combustion with iron ore pellets in the grate-kiln. 

 

3.3 Pilot-Scale Experimental Combustion Furnace (ECF)  
 

The 400 kW pilot-scale pulverised coal fired furnace, owned by the iron ore pelletizing company LKAB 
in Sweden, is designed to simulate a scaled down grate-kiln plant. This pilot-scale furnace is referred 
to as ECF (Experimental combustion furnace) in this work. The ECF is a horizontal furnace 14 m in 
length, 1200 mm in outer diameter and 800 mm in inner refractory wall diameter. It is lined with 200 
mm thick refractory and the outer steel mantle is 10 mm in thickness. Heated air of ~1100 °C was 
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supplied to the ECF kiln via two perforated ceramic sections that are located above and below the 
burner. 29 Unlike the rotary kiln, the ECF does not rotate and there were no iron ore pellets flowing 
through the furnace as in the full-scale grate-kiln plant. From the pilot-scale pulverised coal 
combustion furnace, sampling locations were position 1, 2 and 3 as marked in Figure 7, although the 
results presented in this work are focused on position 3. The docking depth of the particle probe was 
50 cm. 

 

 

Figure 7 Pilot-scale pulverised combustion furnace, also known as LKAB Experimental Combustion 
Furnace (ECF).29  

 

3.3.1 Experimental procedures – ECF 
During sampling in the ECF, three different fuels were tested, Coal A, Coal B and Coal A+B (50%+50%). 
At position 3 of the ECF (as shown in Figure 7), the particle probe and deposition probe were docked 
at a depth of 50 cm. The sampling time to collect particles was 10-15 minutes, while the sampling 
time for short-term deposits was 60-75 minutes. Gas temperatures were measured using a suction 
pyrometer at position 1, 2 and 3 for 5-10 minutes (i.e. until the temperature was stabilized). The 
focus in this work was at position 3 because of its similarity in gas temperature with the transfer 
chute in the grate-kiln. 

 

3.4 Fuels  

3.4.1 Composition of coal and heavy fuel oil 
The compositions of coals and heavy fuel oil are presented in Table 1. Coal A has slightly higher 
volatile matter and ash content compared to coal B. Coal B has higher carbon content. Coal A has 
higher Si and Al contents than coal B, while coal B has higher Fe, Ca, K and Mg contents than coal A. 
Heavy fuel oil consists mainly of volatile matter with negligible ash content, and it also has a higher 
heating value and very low mineral matter content compared to coal A and coal B. 
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Table 1 Composition of Coal A, Coal B and Heavy fuel oil that was combusted in the grate-kiln (GK) 
and pulverised coal fired furnace (ECF).24,30 

Fuels  Coal A 
(GK) 

Coal B 
(GK) 

Coal A 
(ECF) 

Coal B 
(ECF) 

Heavy fuel oil 
(GK) 

Proximate analysis (wt-% as received) 
 

Volatile matter 21.0 18.4 21.2 18.2 99.8 
Fixed carbon 60.3 65.7 62.2 63.8  
Moisture 6.0 9.1 4.2 9.1 0.1 
Ash  12.7 6.8 12.4 8.9 0.023 
Ultimate analysis (wt-% dry) 

 
C 74.6 80.7 76.4 80.1 85.3 
H 3.9 4.2 4.0 3.8 11.3 
N 1.4 2.1 1.4 2.0  
O (by difference) 6.3 5.2 5.1 4.0 3.172 
Cl 0.01 0.02 0.01 0.04 0.005 
S 0.33 0.31 0.32 0.27 0.2 
Effective heating value (MJ/kg) 29.3 31.7 29.0 28.3 41.10 
 Elemental Analysis (wt-% dry, in coal and in pellet) 

 
Si 3.63 1.99 3.27 2.33 <0.001 
Al 2.14 1.08 2.09 1.18 0.0008 
Fe 0.21 0.40 0.4 0.49 0.0016 
Ca 0.09 0.29 0.22 0.47 0.0015 
K 0.05 0.12 0.07 0.17 0.0001 
Mg 0.03 0.11 0.05 0.17 0.00027 
Mn 0.01 0.01 0.003 0.01 0.000017 
Na 0.01 0.01 0.04 0.05 0.0023 
P 0.05 0.01 0.08 0.03 <0.0001  
Ti 0.07 0.04 0.09 0.05 0.00003 
Ba 0.03 0.01 0.02 0.02 0.00027 
V     0.0009 
Ni     0.0012 
Zn     0.0002 
Cu     0.00001 
Cr     0.000005 
 

The ash content from heavy fuel oil is relatively low when compared with other combustion fuels; it 
is expected to be 0.006-0.09 wt % depending on its origins.  The inorganic constituents can occur as 
inorganic water-soluble salts (e.g. chlorides and sulphates of sodium, potassium, magnesium and 
calcium), inherent metals (vanadium, nickel and iron) or as adventitious material from the extraction, 
transportation and refining processes (e.g. sodium from sea water ingress, and alumina-silicate 
particles carried over from catalytic cracking processes). 31  
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3.4.2 Pulverised coal 

3.4.2.1 Coal ash characteristics  
The chemical compositions of ashes from coal A and coal B that were combusted in both the grate-
kiln and pilot-scale experimental combustion furnace are presented in Table 2 together with their 
ash fusion temperatures. Coal A was a standard coal that was used in the grate-kiln and Coal B was a 
test coal.   

Table 2 Ash content, chemical composition of coal ash (in wt. %) and ash fusion temperatures (°C). 

Chemicals Coal A Coal B 

Ash content (wt%), as received, ASTM D3682 12.7 6.8 
SiO2 58.2 52.2 
Al2O3 30.3 25.1 
Fe2O3 2.27 6.94 
CaO 0.97 4.84 
TiO2 0.88 0.88 
P2O5 0.90 0.37 
K2O 0.46 1.76 
MgO 0.36 2.31 
Na2O 0.15 0.21 
BaO 0.24 0.16 
MnO <0.05 0.14 
 
Ash Fusion Temperatures (°C), ISO 540 
 
Initial Deformation Temperature > 1500  1230 
Spherical Temperature > 1500  1300 
Hemispherical Temperature > 1500  1350 
Fluid Temperature > 1500  1430 
 

 

3.4.2.2 Coal minerals 
The minerals in Coal A and Coal B that were used in both the grate-kiln (Paper I & II) and the pilot-
scale combustion furnace (Paper III) are shown in Table 3. Quantitative mineral analyses of coal A 
and coal B were obtained by X-ray diffraction (XRD)analyses of low temperature (<127 °C) radio-
frequency oxygen plasma ashing products.32   
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Table 3 Coal mineral analysis (% wt of crystalline phases) of coal A and coal B.32 

 Chemical Formula Coal A Coal B 

Mineral Matter  15.4 9.5 

Quartz SiO2 19.1 15.0 

Kaolinite Al2Si2O5(OH)4 63.5 14.3 
Illite/ other* (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] (Illite) 10.2 40.7 

Albite NaAlSi3O8 0.0 0.8 

Pyrite FeS2 (cubic) 0.0 0.8 

Siderite FeCO3 2.0 5.4 

Ankerite Ca(Fe, Mg, Mn)(CO3)2 0.2 5.4 

Calcite CaCO3 0.8 3.4 

Dolomite (CaMg)(CO3)2 0.0 10.5 

Bassanite* 2CaSO4·(H2O) 0.0 0.6 

Fluorapatite Ca5(PO4)3F 3.2 0.2 

Goyazite SrAl3(PO4)2(OH)5·(H2O) 
 
 
 
 

0.8 1.2 

Anatase TiO2 0.2 0.3 
* Bassanite was formed during low temperature ashing. Ash B contained 1.3 % Diaspore (α-AlO(OH)) 

 

3.4.2.3 Coal particle size 
The grinded coal particle sizes for the full-scale grate-kiln process (KK2) and the pilot-scale 
combustion furnace (ECF) are shown in Table 4. For the ECF experiment, the aim was to obtain 
particle sizes that resembled those that were used in the grate-kiln. 

Table 4 Coal particle sizes for the grate-kiln process (KK2) and the pilot-scale combustion furnace 
(ECF) 33.  

Parameters Coal for Grate-Kiln (KK2)       Coal for ECF 
Size (Raw coal)       98% < 50   mm                0-50 mm 
       10% < 3     mm  
Size (Fine pulverised coal)       99% < 250 µm  

 
      70% < 63   µm 
        1% > 250 µm 

     99% < 200 µm  
90±3% < 90   µm 
     72% < 63   µm 
       0% > 200 µm 
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3.5 Iron ore Pellets 
 

Chemical compositions of iron ore pellets (KPBA, KPBO) produced in the grate-kiln process are shown 
in Table 5. KPBA (Kiruna pellet blast furnace acid) is the product name of a blast furnace pellet 
produced in Kiruna, designed for use together with sinter. Quartz (SiO2), dolomite ((Mg,Ca)CO3) and 
limestone (mainly calcite, CaCO3) are added to the KPBA pellet in order to act as slag-formers during 
the iron-making process. KPBO (Kiruna pellet blast furnace olivine) is an olivine-fluxed blast furnace 
pellet, produced in Kiruna, also with the addition of limestone. The olivine used is forsterite 
(2MgO·SiO2).The clay mineral bentonite (Na0.2Ca0.1Al2Si4O10(OH)2(H2O)10)  is used as a binder in both 
types of pellet, because of its high affinity for water. The concentration of additives used is 3-3.5%, 
and the concentration of the binder is 0.5-0.7 %.34 

Table 5 Composition of iron ore pellets.35 

Pellets KPBA   KPBO  
Moisture 9 9 
Effective heating value (MJ/kg) 0.51 a 0.51 a 

O (by difference) 30.59 30.60 
Cl <0.002 <0.002 
S <0.001 <0.001 
Si 1.22 0.98 
Al 0.12 0.12 
Fe 67.21 66.91 
Ca 0.39 0.33 
K 0.03 0.03 
Mg 0.31 0.90 
Mn 0.06 0.06 
Na 0.03 0.03 
P 0.025 0.025 
Ti 0.09 0.09 
Ba - - 
V 0.11 0.11 
Ni <0.03 <0.03 
Zn <0.003 <0.003 
Cu <0.001 <0.001 
Cr <0.005 <0.01 

a Calculated based on the exothermic energy from the oxidation of Fe3O4. 

 
Both magnetite and hematite ores can be processed into iron ore pellets. Depending on their mineral 
properties, magnetite and hematite are processed differently. In this work, the pellets consist of 
magnetite ore. Other than iron oxide, other minerals such as feldspars may also exist in trace 
amounts.  

Additives in the form of quartz, olivine, dolomite and calcite are added to improve the reducibility 
and the mechanical strength of iron ore pellets. The chemicals (MgO, SiO2, CaO) in the additives 
facilitate slag formation in the blast furnace. During iron-making, chemicals in the additives make it 
possible to control the slag zones in the blast furnace to attain more efficient productivity. 
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Bentonite is added as a binder in the iron ore pellets. The reason is to form melt phases between 
hematite grains during the sintering for improved mechanical strength. 

 

3.6 Deposition probe  

3.6.1 Method description 
The deposition probe was fully docked during sampling, to a depth of 100 cm. The temperature was 
measured in the non-cooled part of the probe (protected from radiation), using a 1.5 mm K-type 
thermocouple. Deposits were collected on a refractory brick plate mounted at the end of the 
deposition probe. The last 10 cm of the probe (closest to the brick plate) was not water cooled and 
was made of 253MA/EN1.4835 steel. The remainder of the probe, which was water cooled, was 
made out of SS2343/EN1.4436 steel.  The refractory brick plates were machined to sizes 38x47 mm, 
with a thickness of 5 mm.  

The brick plates were attached to the probe with an asphalt/silicone-based sealant, and thereafter 
inserted in the furnace for sampling. As the brick and deposit material were brittle, they easily fell 
apart when removed from the probe.  Also, traces of the sealant stuck to the back face of the brick, 
so it was not suitable for gravimetric analysis. Hence, the brick plates were not weighed before and 
after sampling, as the primary focus was to determine the chemical composition and the 
microstructure of the deposits. The set-up is shown in Figure 8. 

 

 

Figure 8 Deposition probe.28 
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3.6.2 Deposit sampling positions  
The sampling location of deposition probe at the full-scale grate-kiln plant (KK2) was at the transfer 
chute, marked in Figure 1. It was at the same sampling location where particles were collected with 
the particle sampling system.  

The sampling locations at the pilot-scale pulverised combustion furnace were carried out at position 
1, 2 and 3 as marked in Figure 7, though the pilot-scale coal combustion results presented in this 
work are focused on position 3. The docking depth of the deposition probe in the grate-kiln was 100 
cm, while the docking depth in the ECF was 50 cm. 

 

3.6.3 Refractory lining material  
The refractory lining brick (named Alex) that was selected for deposit sampling at the tip of probe 
deposition probe. It is a type of chamotte-based refractory (ceramic) brick with the chemical 
composition, in terms of the most stable oxides (in wt%): Al2O3 ~58, SiO2 ~36, CaO  0.3, TiO2 2.1, 
Fe2O3 1.4, alkalis 1.3. Such chemical compositions for the refractory liners are normally used in rotary 
kilns for iron ore pellet production. The minerals that can be found in the refractory brick are 
predominantly corundum (Al2O3), mullite (3Al2O3·2SiO2) and trace of cristobalite (SiO2) and quartz 
(SiO2). 36 

 

3.7 Temperature measurement 

3.7.1 Gas temperature measurement in the grate-kiln plant 
In order to minimize the errors from radiation heat transfer, the mean and the fluctuating gas 
temperatures were measured with an uncoated fine wire S-type (Pt and Pt 90%/Rh 10%) 
thermocouple with 50 μm wire diameter, built into a temperature measurement system (Figure 9). 
These wires were welded by an acetylene/oxygen flame to form a thermocouple junction with a 
diameter of <200 µm. The thermocouple junction was extended 10 mm from the end of a 10 cm long 
ceramic holder (Al2O3) that protected the rest of the wires. The end of the ceramic tube was installed 
at the tip of a water-jacketed cooled probe, made with SS2343/EN1.4436 steel that served as a 
protection shield for the transmitting cable.  
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Figure 9 Temperature measurement system.28 

 

3.7.2 Gas temperature measurement in the pilot-scale combustion 
furnace (ECF) 

Flue gas temperatures in the ECF were measured at three positions using a suction pyrometer. The 
suction pyrometer consisted of a type-B thermocouple (rated to 1750 °C) inside a ceramic sheath, 
with a ceramic radiation shield around the thermocouple junction. 29 

 

3.8 Characterisation of particles and deposits 

3.8.1 Scanning Electron Microscope (SEM) 
Particle samples were analysed for morphology and elemental composition with an environmental 
scanning electron microscope (ESEM) Philips model XL-30, equipped with an energy dispersive 
spectroscopy (EDS) detector. The impactor stages 1 and 10 and cyclone particles were analysed 
because they contained significant amounts of particles, specifically from coal combustion.  Since the 
particle population differs depending on the amount of particles impacted on the impactor 
substrates, more than three best-populated areas from each selected LPI stage were analysed with 
ESEM/EDS. More than 10 area analyses from replicate experiments were carried out for the selected 
LPI stages. Particles from the aluminium impactor substrates and the cyclone were transferred to 
adhesive carbon tabs prior to analysis.  This step was necessary in order to avoid confusion of the 
aluminium signal from the impactor substrate with that from the collected particles. Carbon tabs give 
a background signal as carbon, so it was necessary to disregard the C signal in order to gain 
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representative signals from the other elements. With the ESEM, there was a limitation in getting the 
correct oxygen signal, thus O was also eliminated in the results. The results of the analyses are 
therefore presented on a carbon- and oxygen- free basis in wt %. 

It was observed that there was a bouncing effect of oversized Fe-rich angular particles on LPI stage 1. 
Therefore selected small areas (~ 2*2 µm), excluding the bounced Fe-rich angular particles as far as 
possible, were analysed for the average bulk elemental composition. For the LPI stage 10 and cyclone 
particles, best-populated areas (~ 50*50 µm) were analysed for the average bulk elemental 
composition. In addition, individual particle morphology and chemical compositions were also 
analysed.  

The deposits on the deposition probe were characterised chemically with the environmental 
scanning electron microscope (ESEM) and a scanning electron microscope (SEM), JEOL JSM-6460 
equipped with energy-dispersive spectroscopy (EDS, Oxford Instruments, INCA software). All 
micrographs were recorded under low vacuum, using a backscattered electron detector with 
compositional contrast; i.e., heavier elements appear brighter such that that chemical composition 
can be discriminated. Samples were cast in an epoxy mould and polished down to 0.25 μm using 
diamond slurry prior to microscopy analysis. Quantitative EDS results are all shown normalized, in 
wt %, and on a carbon- and oxygen-free basis, to better compare the quantities of the relevant 
elements. 

 

3.8.2 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) was carried out on deposit samples (Paper II) using a Siemens D5000 X-ray 
diffractometer running in the Bragg−Brentano geometry using Cu Kα radiation. Diffractograms were 
recorded, one over a 2θ interval of 10−90° and the other (with a shorter step length) over a 2θ 
interval of 19−37°. This method provides qualitative information about the crystalline and 
amorphous (glassy) components in the powder sample. However, this method does not give the 
exact quantitative information of the chemical compositions. The limitation of this method is that it 
cannot detect components in the sample that are less than 5 wt %. 

 

3.8.3 Transmission Electron Microscope (TEM) 
A transmission electron microscope (TEM), Hitachi model HT7700, was used to provide detailed 
morphology of ultrafine submicron particles (<0.1 μm) in Paper I.  Prior to the TEM analysis, the 
particles collected on the impactor plates were transferred to a copper grid with an ultra-thin carbon 
support film. 

 

3.8.4 Laser diffraction (CILAS) 
Particle size distributions were determined for cyclone particles produced from coal combustion 
experiments in the grate-kiln (Paper I) using a laser diffraction instrument CILAS 1064 Liquid with a 
measurement range from 1 to 500 μm. Particles were first suspended in de-ionized water and stirred 
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mechanically for even distribution, thereafter the particle sizes were measured with laser according 
to their diffraction patterns through a prism in the analyser. 

 

3.8.5 X-Ray Fluorescence (XRF) 
The elemental compositions of deposit materials in Paper II were determined by X-ray fluorescence 
spectroscopy (XRF) using a PANalytical MagiX instrument (SuperQ software) at the laboratories of 
LKAB. Analyses were carried out on deposits from the second and sixth samplings performed during 
coal combustion. Only during these two samplings there were enough deposits on the deposition 
probe for XRF analysis. The deposits were mechanically removed from the probe.  Prior to analysis, 
the materials were first transformed to fused beads by a Herzog HAG 12 inductive fusion machine. 
Analyses were carried out using rhodium X-ray radiation with flow proportional counters for Na, Mg 
and Al, and a scintillation counter for all other elements, over a 2θ interval between 22 and 145°.28  
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4 Results  
 

4.1 Particles from the Grate-Kiln  
 

Independent of the fuel that was combusted (heavy fuel oil or coal), the particles that were sampled 
from the transfer chute in the grate-kiln exhibited trimodal particle size distributions consisting of a 
submicron mode, a first fragmentation mode and a second fragmentation mode. The particle mass 
size distributions (Figure 10) from the low pressure impactor showed two particle modes: the 
submicron mode (Dp < 1 µm, especially 0.03 < Dp < 0.06 µm) and the first fragmentation mode (2.6 < 
Dp < 4.2 µm). Particles of the second fragmentation mode (Dp > 6 µm, especially 11 < Dp < 38 µm) 
were sampled with the cyclone before the low pressure impactor and comprised almost entirely of 
Fe (apart from O, and trace of Si, Al, Mg and Ca). This second fragmentation mode constituted >96 wt% 
of the total collected particle mass. 

 

 
Figure 10 Particle mass size distributions from (a) heavy fuel oil combustion and (b) pulverized coal 
combustion with iron ore pellets, sampled with the 13-stage low pressure impactor (LPI) from a 
grate-kiln production plant.24   

 

Particulate matters (PM) and their mass concentrations from sampled particles were calculated and 
are presented in Table 6.  PMtotal was the total mass concentration sampled by the particle sampling 
system including cyclone and impactor stages 1-13, where PM10 was the particles mass concentration 
sampled in the 13 stages impactor only; PM2.5 was calculated from the particle mass concentration in 
impactor stages 1-10. PM1 was calculated from impactor stages 1-8 and PM0.3 was calculated from 
impactor stages 1-5.  Mass concentration of large particles (PM>10) dominates to a great extent 
compared with particles smaller than 10 μm (PM10). 
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Table 6 Mass concentrations (mg/Nm3) of particulate matters (PM) and with respect to total 
particulate matters (PMtotal), particle sizes ≤ 10, ≤ 2.5, ≤ 1, ≤ 0.3 (µm) and impactor stage 1 in the 
particle sampling system, from both heavy fuel oil combustion and coal combustion in a grate-kiln 
production plant for iron ore pelletizing.24 

 

Particulate 

 

Mass concentration (mg/Nm3) 

Matter Oil(100)1 Oil(100)2 Oil(100)3 Coal(100)1 Coal(100)2 Coal(50)3 Coal(50)4 

 

PM total 5.03×103 1.87×103 3.17×104 6.61×103 8.88×103 2.21×105 2.22×105 

PM 10 53.1 76.5 206 25.1 59.8 360 334 

PM 2.5 41.3 69.0 171 18.9 26.1 164 166 

PM 1 24.4 49.5 63.1 8.6 14.8 22.4 27.4 

PM 0.3 16.1 20.1 16.7 5.6 9.6 9.0 12.4 

PM Stage 1 5.5 6.8 4.0 2.3 3.3 2.7 3.9 

 

 

4.1.1 Particles from heavy fuel oil and coal combustion (Grate-Kiln) 
Particles in the grate-kiln process originated primarily from the iron ore pellets and secondarily from 
ash materials of the fuels. Particles from both heavy fuel oil and coal combustion on impactor stages 
1, stage 10 and cyclone were observed with ESEM/EDS were presented in Figure 11. The average 
elemental compositions (wt %) of particles on selected impactor stages and cyclones are presented 
in (Table 7).  The results show distinct differences in elemental compositions between the particles 
collected on different impactor stages. 

Independent of the fuel that was combusted, particles from impactor stage 1 consisted of both 
agglomerated ultrafine spherical particles and also some angular particles (>1 μm). Particles that 
passed through impactor stage 2 and impacted on stage 1 are supposed to be in the particle size 
range of 0.03 < Dp < 0.06 μm. From heavy fuel oil combustion, impactor stage 1 particles consisted of, 
apart from O, mainly of Cl, K, Na and S with minor Fe, most likely in the forms of sulphate, chloride or 
oxide. On the other hand, impactor stage 1 particles collected from coal combustion consisted mainly 
of Si, K, Fe, Na (apart from O) with minor amounts Cl, S and traces of P, Ca, Al (Table 7).  
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Figure 11 Back-scattered ESEM images of particles on the impactor stages and cyclone, from (a-c) 
heavy fuel oil combustion and (d-f) coal combustion in a grate-kiln during iron ore pellet 
production.24 

Impactor stage 10 consisted of particles with angular, spherical and irregular shapes (Figure 11). 
Particles impacted on stage 10 are supposed to be in the particle size range of 2.6 < dp < 4.2 μm. For 
heavy fuel oil, the particles consisted of, apart from O, mainly Fe, some Ca, Si, Na and traces of Al, Mg, 
S, Zn and K. Particles from coal combustion consisted mainly of Fe, Si, Al (apart from O) and particles 
closer to the wall of the transfer chute (coal 3 and coal 4 with 50 cm insertion of particle probe) also 
contained notably small amounts of Mg. Particles impacted on impactor stage 10 showed a major 
increase of Fe in composition compared to impactor stage 1. 

Particles sampled in the cyclone had a chemical composition with mainly Fe (~90 wt %) and small 
amounts of Si, Al, Mg and Ca. Most of the particles in the cyclone were observed to have angular 
morphology (Figure 11); occasionally spherical particles and porous irregular shape particles were 
also observed.  
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Table 7 Average elemental compositions (in wt % with ± standard deviation) of particles from 
impactor stages and cyclone during heavy fuel oil and coal combustion with iron ore pellets (on C and 
O free basis).24 

 
Fuel 

 

  
Heavy Fuel Oil 

 

 
Coal 

 

Element    
Stage, Dp 

 Stage 1 
 

0.03 - 0.06 µm 

Stage 10 
 

2.6 - 4.2 µm 
 

Cyclone 
 

> 6 µm 

Stage 1 
 

0.03 - 0.06 µm 

Stage 10 
 

2.6 - 4.2 µm 
 

Cyclone 
 

> 6 µm 

Na  21 3 3 1 0 11 1 1 1 0 
Mg  1 0 2 1 1 1 2 0 2 0 2 1 
Al  1 1 2 1 3 6 3 0 9 4 2 0 
Si  1 0 4 1 3 1 28 4 18 8 3 0 
P  1 0 1 1 0 5 2 0 0 
S  15 1 2 1 0 6 1 1 0 0 
Cl  26 3 1 0 0 8 2 0 0 
K  25 2 2 1 0 15 2 1 0 0 
Ca  1 0 6 3 1 0 4 1 1 0 1 0 
Ti  0 0 0 1 0 1 0 0 
Mn  0 1 1 0 1 0 1 0 0 
Fe  6 2 75 10 89 7 14 6 65 13 90 1 
Zn  1 0 2 1 0 1 1 1 0 0 
 

 

4.1.1.1 Particles from heavy fuel oil combustion (Grate-Kiln) 
Submicron particles (<1 µm) from heavy fuel oil combustion was observed to consist of Na, S, Cl, K 
and Fe. It is therefore possible that they are in forms of chlorides and sulphates of sodium, potassium 
and iron.  

Low amounts of adventitious particles that originated from the catalytic cracking process during 
refinery of crude oil could also be detected by their contents of Al, Si and Fe.  This type of particle 
(~20 µm) was observed to have a porous morphology as shown in Figure 12.  

 

Figure 12 Porous particle (top right) from heavy fuel oil combustion. Angular particles are mainly 
from iron ore pellets.  
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4.1.1.2  Particles from coal combustion (Grate-Kiln) 
Semi-molten particles (Figure 13) consisted mostly of Si, Al, Fe and O, as well as small amounts of Na 
or K and occasionally also accompanied by Ca or P. These particles appeared to have been melted 
because of their spherical droplet morphologies. They were often found aggregated with angular Fe-
rich particles forming larger clusters. These semi-molten particles, when expressed in oxides as SiO2, 
Al2O5, Fe2O3, CaO, Na2O and K2O, have the average normalised wt % ratio of 41, 35, 15, 4, 3, and 2 
respectively. 

 

Figure 13 Back-scattered ESEM images of aggregate cyclone particles (d50 > 6 μm) from the grate-kiln 
process during coal combustion with iron ore pellets.24 

 

4.1.2 Particles from iron ore pellet (Grate-Kiln) 
Particles from iron ore pellets generally have angular morphologies (Figure 14), as was observed in 
both the iron oxides and olivine particles from the samples  at the transfer chute (refer to Figure 1 
for sampling position).   
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Figure 14 Angular particles from the grate-kiln process as iron ore pellet fragments. 

 

Most pellet particles were observed to be angular shaped, although some exhibited spherical forms. 
Figure 15 shows a spherical particle that had a chemical composition similar to olivine, which could 
have formed when an olivine particle entrained in the flue gas was recirculated back with the 
combustion air from the cooler to the rotary kiln.  Upon passage through the high temperature flame 
in the kiln, melting could have occurred, leading to the spherical droplet shape. Olivine is an 
orthorhombic silicate M2SiO4 where M = Mg2+, Fe2+, Ca2+ and Mn2+, with continuous solid solution 
series between the end members forsterite (Mg2SiO4) and fayalite (Fe2SiO4), and between 
kirschsteinite (CaFeSiO4) and monticellite (CaMgSiO4). Forsterite has a melting temperature of 
1890 °C and lowers with increasing FeO content; pure fayalite melts at 1205 °C.37 These 
temperatures are achievable in the combustion flame in the rotary kiln.  

 

 

Figure 15  Spherical particle from iron ore pellet, from particle sampling during heavy fuel oil 
combustion in the grate-kiln process.  
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4.2 Particles from pilot-scale coal combustion (ECF) 
 

Coal ash particles consist of a wide variety of morphologies and compositions (Figure 16). Depending 
on the initial composition of the coal fuel, during combustion the transformation of minerals can 
result in the formation of fine particles, evaporated vapour and released gases, also larger particles 
that formed by fragmentation of the initial coal particles that can coalesce and form molten particles 
that consequently form molten slag that sinter and deposit onto surfaces in the process. 

 

 

Figure 16 Back-scattered ESEM images of coal ash particles (fuel: Coal A+B) from the pilot-scale coal 
combustion in various morphologies (melt, spherical, porous, irregular) 

 

From the pilot-scale experiments, the coarse ash particles were observed to have adhered together 
and formed larger aggregates (Figure 17). These coarse particles were found on the deposition probe 
during the pilot-scale sampling. Their compositions varied depend on how their mineral grains 
associated among themselves. During combustion, when the mineral grains reach their melting 
temperature, they can coalesce and form molten particles. This phenomenon was apparent as shown 
by the molten phase in Figure 17. 
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Figure 17 Back-scattered ESEM images of coal ash particles (fuel: Coal A+B) from the pilot-scale coal 
combustion, spot analyses with dominant elemental components. 

 

4.3 Gas Temperature 

4.3.1 Gas temperature in the transfer chute (Grate-Kiln) 
The flue gas temperature in the grate-kiln was measured twice (three days apart) with the fine wire 
thermocouple in temperature probe during coal combustion. The temperature fluctuated rapidly 
because of the turbulent flue gas flows, varying between 1010 to 1290 °C, with an average 
temperature of 1160 °C.  

 

4.3.2 Gas temperature in the pilot-scale combustion furnace (ECF) 
Average flue gas temperatures with standard deviations as measured by the suction pyrometer at 
three positions during combustion of coal A and coal B are showed in Figure 18. 29  
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Figure 18 Average flue gas temperatures with standard deviations as measured by the suction 
pyrometer at three positions P1, P2 and P3 in the ECF. 29 

 

4.4 Deposits from the Grate-Kiln  

4.4.1 Deposits from coal combustion (Grate-Kiln) 
As shown in Figure 19, during coal combustion in the grate-kiln, the wind-side deposit that was 
sampled for 16 hours (S1) was similar in appearance to the 40 minutes (S4) deposit. The sampled 
deposits from the grate-kiln clearly showed that the deposit growth rate in the grate-kiln was not 
proportional to time.  The S1 deposit (thickness 1-1.5 mm) was only ~1 mm thicker than the S4 
deposit (thickness 0.3-0.4 mm).  

The wind-side deposits S2 (thickness 4-8 mm) and S6 (thickness >100 mm), sampled for 14 and 22 
hours, respectively,) were remarkably thicker than S1. There was a major increase of deposit during 
the sampling of S6, much more deposit than is shown in Figure 19. This major increase in deposit was 
related to the large amount iron ore pellet dust within the grate-kiln process. The S6 deposit was 
such great in extent that part of the deposit had to be mechanically removed in order to undock the 
probe from the sampling port.   

In samplings carried out with the probe tilted towards the lee-side (S3, S5, S7), very few particles 
were deposited on the refractory surface. The lee-side deposits were insignificant compared to the 
substantial deposits on the wind-side (S1, S2, S4 and S6). 
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Figure 19 Deposits (short-term) from the grate-kiln process during coal combustion with iron ore 
pellets.  

 

4.4.1.1 SEM analyses of deposits (Grate-Kiln) 
SEM-EDS analyses (JEOL JSM-6460) were carried out on the bulk of the deposits collected upon the 
deposition probe, as well as deposited material on thermocouples in the form of an aerodynamic 
plume. The results are shown in Table 8, presented on an oxygen- and carbon-free basis, and 
normalised to 100%. For oil combustion, only in sample number 3 had sufficient material collected 
for analysis. During coal combustion, enough material was collected in sample numbers S1, S2, S4 
and S6; i.e. the samplings with the refractory plate tilted towards the gas flow direction (wind-side). 
Insufficient material was collected in the samplings with the refractory plate tilted towards the lee-
side. Analyses were carried out on the bulk of the deposit materials on areas of ~1 mm2. Analyses 
from deposits on thermocouples were performed by area analyses of the full deposit, while data 
from deposition probe are average values from several area analyses. 
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Table 8 SEM-EDS analyses (normalised on a C- and O-free basis) of the deposit materials on the 
thermocouples and deposition probe (in wt %).28 

Fuel 
 

Oil 
 

Coal 
 

Element Oil-3 Coal-S1 Coal-S2 Coal-S4 Coal-S6 T1 T2 
Si 1 3 6 7 4 9 21 
Al <1 2 4 6 2 6 13 
Fe 89 88 83 79 88 75 57 
Ca 5 5 5 7 4 4 5 
K <1 <1 <1 <1 - 1 1 
Mg <1 <1 <1 - <1 - - 
Na <1 - - - <1 1 - 
P <1 - <1 - <1 1 1 
Ti <1 <1 <1 <1 <1 1 2 
Ni 2 - - - - - - 
Cr - - - - - <1 - 
S 1 - - - - - - 
(-) Not detected.  
T1, T2: Thermocouple 1 and 2. 
 

4.4.1.2 Molten phase in the deposit (Grate-Kiln) 
Based on the average from 25 SEM-EDS (JEOL JSM-6460) point analyses on short-term deposits from 
the deposition probe, the molten bonding phase (marked as M in Figure 20) composed 
predominantly of Fe2O3, CaO, SiO2 and Al2O3 , with normalised wt % ratios of approximately 5, 2, 1-2, 
1, respectively. These molten phases were observed during coal combustion in the grate-kiln process. 

    

Figure 20 Molten (marked as M) phase in the short-term deposit (S2) from the grate-kiln process 
during coal combustion with iron ore pellets. 
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4.4.1.3 XRD analyses of the deposits (Grate-Kiln) 
XRD analysis carried out upon deposit material from the Coal-S6 sample showed predominantly 
hematite. Minor phases were cristobalite and quartz (both SiO2), mullite (3Al2O3·2SiO2) and anorthite 
(CaO·Al2O3·2SiO2). 

 

4.4.1.4 XRF analyses of deposits (Grate-Kiln) 
XRF chemical analyses of the deposit materials from samples S2 and S6 during coal combustion are 
presented in Table 9. The deposit materials comprised mainly of Fe, Si, Al and Ca. 

Table 9 XRF chemical analyses (normalised on a C- and O-free basis) of deposit materials from the 
second and sixth samplings carried out during coal combustion (in wt%).28 

Elements Coal-S2 Coal-S6 
Si 16.6 14.2 
Al 9.7 7.7 
Fe 65.4 69.8 
Ca 4.4 5.2 
K 0.5 0.4 
Mg 1.7 1.0 
Mn 0.1 0.1 
Na 0.1 0.1 
P 0.7 0.7 
Ti 0.6 0.6 
V 0.1 0.1 

 

 

4.4.1.5 Deposits on thermocouple (Grate-Kiln) 
During coal combustion in the grate-kiln, the thermocouples that were used to measure temperature 
were subjected to deposition. After only 10 minutes in the kiln, the ceramic part of the 
thermocouples was deposited with material, such that an aerodynamic plume was formed on the 
wind-side. No significant deposition of material was observed on the lee-side of the thermocouple. 
The SEM-EDS area analyses of the aerodynamic plumes on the two thermocouples (T1, T2) are 
presented in Table 8 along with the short-term deposits from the grate-kiln.  

The aerodynamic plume was more developed in the second measurement (T2), as shown in Figure 
21. Most of the material deposited on the surfaces of the thermocouples was in the form of fine-
grained hematite particles, which were embedded in a bonding phase of iron-rich alumina-silicate. 
This phase appears to be homogenous, apart from the inclusions of hematite. This phase appears to 
have been molten or partially molten, as pores and voids are filled. It was assumed that when more 
porosity is present in this phase, less liquid phase had been present. 28 

The bonding phase between hematite grains were point-analysed with SEM-EDS, which on average 
showed that it consisted of (on an oxygen- and carbon-free basis) approximately: Fe ~40 wt%, Si ~25 
wt%, Al ~20 wt%, Ca ~5 wt%, Ti 2 wt%, K~2 wt%, Mg ~2 wt% and Na ~1 wt%. 28  



  33 

 

   

Figure 21 Deposits on the thermocouple T1 (left) and T2 (right), during temperature measurement in 
the grate-kiln process with coal combustion and iron ore pellet production.28 

 

4.4.2 Deposits from heavy fuel oil combustion (Grate-Kiln) 
Deposits sampled from oil combustion were not as significant in amount compared to the deposits 
sampled from coal combustion. Observation of these deposits was as follows: 

Oil-1: The first deposit sampling (40-minute exposure time) carried out during oil combustion 
showed very little deposition. Besides rare deposited hematite grains (sizes ~1 µm), hematite grains 
with particle sizes up to ~50 µm were trapped in the fissure of the refractory plate used for deposit 
sampling. 28  

Oil-2: In the second deposit sampling (4-hour exposure time) from oil combustion, a layer was 
deposited on the refractory surface with a thickness of 5-10 µm. Only grains of hematite were 
observed in the deposited layer. 28 

Oil-3: In the third sampling (10-hour exposure time) from oil combustion, a 10-20 µm layer of 
hematite grains was deposited on the refractory surface. Single hematite grains with sizes of ~2 µm 
(max.) down to sub-micron scale were observed in this layer. In addition to hematite, traces of Al, Si, 
Ca, Mg, Ti, Ni, V, S, P, Na and K were also observed at different locations in the deposit. No bonding 
phase between particles was observed in any of the samples collected during oil combustion. 28  

Further observation details on the deposits from the grate-kiln during are presented in Paper II. 28 
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4.5 Comparison of particles and deposits between a full-scale 
grate-kiln and a pilot-scale coal-fired furnace (ECF)   

 

4.5.1 Particles from Grate-Kiln and ECF  
The average elemental compositions based on well-populated particle areas for impactor stage 1 and 
10 are shown in Figure 22 and Figure 23, respectively.  
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 Figure 22 Average elemental compositions (on C- and O-free basis) of particles on impactor stage 1 
(Dp ~0.03-0.06 µm) from full-scale grate-kiln and pilot-scale ECF.30 

 

The elemental analyses of submicron particles on impactor stage 1 (Figure 22) showed that there 
were higher Na, K and Cl contents in the grate-kiln than in the ECF. Si and Fe contents were 
significant in both grate-kiln and ECF in the submicron mode. Al content was more dominant in the 
ECF than in the grate-kiln. Ca was as one of the significant elements from Coal B fired in the ECF. 

There was a significant amount of Fe on impactor stage 10 (Figure 23) from the grate-kiln. Ash 
particles produced in the ECF contained mainly Si, Al and Fe. Also, the Ca content in the ash particles 
was higher for Coal B than Coal A. 
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Stage 10

Average elemental composition
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Figure 23 Average elemental composition (on C- and O-free basis) of particles on impactor stage 10 
(Dp ~2.6 – 4.2 µm) from full-scale grate-kiln and pilot-scale ECF.30 

 

Particles on impactor stage 10 from the grate-kiln predominantly comprised of angular Fe particles 
that originated from the iron ore pellets. These Fe-rich particles appeared as brighter angular 
particles in the back-scattered ESEM image of Figure 24 (a). Other particles that appeared greyish on 
the same image had spherical or irregular-fused shapes. The greyish spherical particles were rich in Si, 
Al and Fe, while the greyish irregular-fused particles consisted significantly of Si followed by Fe and Al. 
There were also some spherical Fe-rich particles that appeared brighter than the greyish particles. 

 

     

Figure 24 Back-scattered ESEM images of particles on impactor stage 10 (Dp ~2.6 – 4.2 µm), collected 
from (a) grate-kiln plant, Coal A+B; (b) ECF, Coal A; (c) ECF, Coal B.30 

 

(a) (b) (c) 
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Coal ash particles from the ECF consisted of spherical shapes that were rich in Si, Al and Fe. Particles 
that appear brighter in the ESEM image Figure 24 (b) and (c) consisted mainly of Fe with less Si and Al, 
while greyish particles consisted mainly of Si, Al and trace of Fe.  

Table 10 shows that particles that exceeded 10 µm were significantly higher in mass concentration in 
the grate-kiln than in the ECF. These coarse particles predominantly originated from the iron ore 
pellets.  Insignificant amounts of particles >10 µm were collected from the ECF. From the grate-kiln, 
PM10, PM2.5 and PM1 of sample numbers 3 and 4 at the probe docking depth 50 cm were significantly 
higher compared to sample numbers 1 and 2 at the probe docking depth 100 cm. 

 

Table 10 Particle mass concentrations measured with impactor from transfer chute of grate-kiln  and 
ECF (from position 3).30 

Particulate 
Matter a Mass concentration (mg/Nm3) 

Process Grate-Kiln ECF 

Samples b 

Coal 
A+B 

(100)1c 

Coal 
A+B 

(100)2c 

Coal 
A+B 

(50)3c 

Coal 
A+B 

(50)4c 

Coal 
A 

(50) 
 

Coal 
B 

(50) 

PMtotal 
6.61 
×103 

8.88 
×103 

2.21 
×105 

2.22 
×105 - - 

PM10 25.1 59.8 360 334 92.2 107.8 
PM2.5 18.9 26.1 164 166 75.2 95.9 
PM1 8.6 14.8 22.4 27.4 37.5 37.2 
PM0.3 5.6 9.6 9.0 12.4 16.1 13.0 
a PM10 are particulate matter < 10 µm; PM1 < 1 µm; PM2.5 < 2.5 µm;  PM1 < 1 µm; PM0.3 < 0.3 µm. 
b Coal A+B (50)3 describes sample number 3, docking depth 50 cm into the sampling location. 
 c Data source 24. 
 

4.5.2 Deposits from Grate-Kiln and ECF 
Deposits from the grate-kiln were harder compared to the deposits from the ECF. Deposits from the 
grate-kiln consisted of, to a large extent, fragments from iron ore pellets. The deposits consisted of 
fine grained hematite particles embedded in a molten phase. Moreover, minerals such as anorthite 
(CaO·Al2O3·2SiO2), mullite (3Al2O3·2SiO2), cristobalite (SiO2) and quartz (SiO2) were also 
observed by XRD in the short-term deposit from the grate-kiln. The fine grained hematite particles 
appear as bright particles in Figure 25 (a), while greyish particles are either a molten phase or 
additive particles from the pellets. 

Deposits from the ECF consisted of coal ash in irregular melt forms, ferrospheres, cenospheres, 
porous particles and angular particles of quartz. The high density ferrospheres appear as the bright 
spheres in Figure 25 (b), while greyish particles and melts were mostly rich in Si, Al, Fe and Ca.  
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Figure 25 Back-scattered ESEM images of molten phases (marked as M) in the short-term deposits 
from (a) full-scale grate-kiln, Coal A+B; (b) pilot-scale ECF, Coal A+B.30 

 

4.5.3 Molten phases in particles and deposits from grate-kiln and ECF 
Molten phases were found in the flue gas particles from the grate-kiln and ECF. These molten phases 
adhere different type of particles together and form larger clusters of particles (Figure 25). This 
phenomenon was observed in cyclone particles from the grate-kiln, and also in short-term deposits 
from the grate-kiln and the ECF. These molten phases appeared either as irregular shapes with 
greyish smooth surfaces or as coalesced greyish spheres in the ESEM images of Figure 25 (a)-(b). 
Fine-grained iron oxide particles embedded in the molten phase was observed in Figure 25 (a).  The 
average chemical compositions of the molten phases are presented in Table 11. 

 

Table 11 Average chemical compositions of molten phases (given as oxides a), with ± standard 
deviations, in cyclone particles and short-term deposits, from full-scale grate-kiln process and pilot-
scale ECF.30 

 Molten phases (Wt %) 
Process Grate-Kiln ECF 
Position Transfer chute Position 3 (P3) 
Particles 
Source 

Pellets and 
coal ash Coal ash 

Sample 
Source 

Cyclone 
particles Deposits Deposits Deposits Deposits 

Coal Coal 
A+B 

Coal 
A+B 

Coal  
A 

Coal  
B 

Coal 
A+B 

SiO2 40 ± 2 16 ± 8 62 ± 4 58 ± 8 50 ± 6 
Al2O3 35 ± 5 11 ± 5 29 ± 2 26 ± 6 29 ± 7 
CaO 4 ± 6 17 ± 7 5 ± 5 9 ± 6 10 ± 5 
Fe2O3 15 ± 5 53 ± 10 2 ± 1 3 ± 1 8 ± 6 
K2O 2 ± 1   0 1 ± 0 3 ± 2 1 ± 0 
Na2O 3 ± 1 1 ± 2 0 ± 1 0  1 ± 0 
P2O5 2 ± 1 2 ± 2 1 ± 2 0  1 ± 1 
a Elemental contents expressed as oxides do not necessarily mean they are in those forms of oxides. 
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There is a large difference in composition of the molten phases between samples from the grate-kiln 
and the ECF. Molten phases in deposits from the grate-kiln have a much higher Fe2O3 content, about 
50 wt %, as well as a significantly higher CaO/(SiO2+Al2O3) ratio. Molten phases in cyclone particles 
(Dp >6 µm) sampled with the particle sampling system showed significant contents of SiO2, Al2O3 and 
Fe2O3 followed by CaO, Na2O, K2O and traces of P2O5.  

Molten phases in coal B deposits from the ECF showed a slightly higher CaO content compared to 
coal A. As for the molten phase obtained from the ECF firing mixed coal, its composition was a 
combination of the respective molten phases from both coals. 
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5 Discussion 
 

The grate-kiln process for iron ore pelletizing consists of burners that combust heavy fuel oil or 
pulverised coal at the end of the kiln. The chemistry and physics of combustion are known to be 
complex. In the oxidising conditions of the grate-kiln process, heavy fuel oil is burned in the form of a 
spray, while coal is burned in pulverised form.  

The particles that form deposits in the grate-kiln originate primarily from the fragmentation of iron 
ore pellets and secondarily, the fuel ashes. Fuel ashes are particles generated through combustion. 
Although laboratory-scale experiments can be useful in understanding specific fuel properties, there 
is no single method in the laboratory that is adequate for reproducing combustion conditions as they 
might occur in the full-scale plant.31 Therefore, experimental approaches were carried out in both a 
full-scale plant and in a pilot scale plant using a particle sampling system and a deposition probe to 
sample particles and deposits for characterisation and analyses. The influences of fuel (coal and oil) 
ashes and iron ore pellets on the deposition formation in the grate-kiln were studied in this work.  

 

5.1 Particle formation in the Grate-Kiln 

5.1.1 Submicron particles  
Submicron particles collected from heavy fuel oil combustion in the grate kiln process consisted of Cl, 
K, Na, S and Fe. On the other hand, submicron particles from coal combustion contained Si, K, Fe, Na, 
Cl, S and traces of P, Ca and Al. As a result of the reducing conditions within the flame, the formation 
of metal vapours may occur. The increment of Si, Fe, P, Ca, Al and the decrement of S (Table 7) in 
elemental compositions from coal combustion compared to heavy fuel oil combustion can be due to 
the compositional differences in fuels. The distinct differences of Si in the particle compositions 
suggest that Si originated mainly from the coal fuel, as Si was insignificant from the heavy fuel oil 
combustion. The relative sulphur content was higher from the heavy fuel oil combustion compared 
to the coal combustion although low sulphur heavy fuel oil was used.  

In the coal flame with temperatures as high as 1750 °C, inside burning coal particles a micro reducing 
environment can exist such that the carbon can reduce SiO2 to SiO, that is vaporised. SiO can then 
revert back to SiO2 again when oxygen becomes available in the excess combustion air.38 When SiO2 
meets alkali gases, K2SiO3 and Na2SiO3 can be formed during coal combustion in the grate-kiln process 
with gas temperatures 1100-1250 °C. 

 

5.1.1.1 Alkali circulation 
In the grate-kiln, Na, K and Cl are presence in the flue gas stream and travel across the kiln to the PH 
zone (Figure 1). When the gas stream forcefully passes through (induced by a fan) the pellet bed at 
the TPH and PH zones with a lower temperature, a fraction of these alkalis can most likely deposit on 
the surfaces of the iron ore pellets. These deposited Na, K and Cl will then be transported together 
with the pellets along the descending rotary kiln at increasingly higher temperatures. As they are 
transported nearer to the high-temperature flame, the alkali species that had earlier been deposited  
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 on the pellets can then re-vaporise. Thus, this results in a circulation of Na, K and Cl within the 
process. The iron ore pellets themselves may also contribute to the increased contents of Na, K and 
Cl. 

Submicron particles, especially in form of alkalis species, can lower the melting and sintering 
temperatures of the particles. Water-soluble alkalis can lower the sintering temperature of coal ash 
39. Alkali species in the forms of sulphates, chlorides and silicates that circulate within the process can 
further lower the melting and sintering temperatures of molten melt phases that facilitate deposit 
formation. 

The presence of alkali vapours in the grate-kiln can be due to three possible sources: from the fuel, 
pellets and/or the circulation of alkali within the process. It is difficult to estimate and quantify the 
alkalis that circulate within the full-scale grate-kiln production plant based on the data from this work, 
although an attempt was made to calculate the alkali load in the grate-kiln (Table 5 in Paper I).  

 

5.1.2 Coarse particles  
Iron ore pellet fragments and larger coalesced fuel ash particles (especially from coal ash) were the 
coarse particles (>2 µm) in the grate-kiln. These particles were observed on impactor stage 10 and in 
the cyclone of the particle sampling system.  

On impactor stage 10 (>2 µm), there were major increases of Fe-rich particles (~> 65 wt %), which 
appeared as angular particles that originated from smaller fragments of iron ore pellets, as seen in 
Figure 11 (b) and (e). Coarse particles that were sampled with the cyclone (>6 µm) were even more 
abundant and up to ~90 wt % in Fe (Table 7). The significant amount of these coarse particles implies 
that their existence in the high temperature grate-kiln process was mainly as pellet dust and Fe-
bearing ash particles. These particles were entrained in the gas stream in the transfer chute where 
particle sampling took place. 

The main differences between particle compositions from heavy fuel oil and coal combustion were 
the secondary components other than Fe, which was the primary component. Secondary 
components from the heavy fuel oil combustion were mainly Si, Ca and Na, while Si and Al were the 
result of coal combustion. Unlike coal, heavy fuel oil does not contain significant extraneous or 
included mineral matter. It is also less likely for interaction of volatile metal species and non-volatile 
minerals to occur within the heavy fuel oil droplets.40 The majority of fly ash particles from heavy fuel 
oil combustion are generally < 1 μm in diameter, although larger particles can be formed due to poor 
carbon burnout.40 In other words, heavy fuel oil combustion in oxidizing conditions does not 
generate significant amounts of large fly ash particles. A small fraction of larger ash particles (2.6 - 
4.2 μm) from heavy fuel oil was observed in this work. These ash particles were characterized by 
their S, Na contents and their high variability in the levels of Mg, Si, Ca, Fe and Al, along with their 
spherical, cloudy or spongy morphologies; similar ash particles were found in previous research on 
oil-fired power plants. 41,42 Therefore, the secondary components, Si and Ca, of this particle mode 
from heavy fuel oil combustion most likely originated from the additives (e.g. quartz, calcite) in the 
iron ore pellets, and possibly only a minor fraction from the ash particles in the heavy fuel oil. 
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In the case of coal combustion, these secondary ash particles in this mode can be formed by 
transformation of coal minerals containing Si, Al and Fe; the spherical droplet particles (Figure 24) 
revealed that they have gone through a melt phase. During coal combustion the carbonaceous 
materials diminish and char particles fragment into smaller particle sizes, while inorganic species 
coalesce and form coarse particles of approximately 1-30 μm in particle sizes.15,43  

Large semi-molten particles that were captured by the cyclone (Figure 13) have 2-3 times higher K 
and Na contents than the porous particles. These semi-molten particles appeared sticky, such that 
they facilitated the formation of clusters that consisted of both semi-molten particles and pellet dust 
that eventually resulted in deposit formation within the process. 

The formation of alkali-containing semi-molten particles (Figure 13) could have originated from the 
coal mineral illite, pellet dust, or from the reaction between aluminosilicate particles with volatile 
alkali. The coal minerals kaolinite Al2Si2O5(OH)4 and illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] 
transform to mullite (3Al2O3·2SiO2) in the temperature range from 1100 °C to 1400 °C under oxidizing 
conditions in the grate-kiln. Subsequently, mullite can react with K2O and form kalsilite 
(K2O·Al2O3·2SiO2) and/or leucite (K2O·Al2O3·4SiO2). This phenomenon was also observed in the 
refractory lining material of the rotary kiln wall during mullite interactions with other sources of 
potassium 44. During coal combustion, since K is contained almost exclusively in illite, it will most 
likely be retained in the aluminosilicate particles and form molten slag droplets.45   

The iron-bearing minerals such as siderite (FeCO3) and pyrite (FeS2) are contained in burning coal 
particles that also contain clay minerals (kaolinite, illite) and/or quartz (i.e. siderite associates with 
clay minerals). During combustion, these minerals are likely to coalesce, react and form 
aluminosilicate slag droplets with iron. Such slag droplets were observed in the particles and deposits 
sampled from the grate-kiln process during coal combustion. 

Ferrospheres are spherical Fe-rich coal ash particles that can also consist of Si, Al and O, as shown in 
Figure 16, Figure 17 (also see Figure 11 in Paper I) with a brighter tone in the back-scattered ESEM 
images. The variation of Fe, Si and Al resulted in different appearances of these ferrospheres 46,47. 
They are formed from the mineral transformation of Fe-containing minerals (e.g. pyrite, siderite) 
during coal combustion. Depending on the oxidizing condition and resident time during combustion, 
magnetite or hematite are crystallized out of the Fe-containing mineral melt.48-50 

Semi-molten particles may also be formed by the reaction of circulated alkali with coarse particles, 
forming regions of phases with low melting points. A previous study showed that the presence of 
alkali can lower both the melting and sintering temperatures of coal ash particles.39 

Reaction of Si- and Al-rich clay minerals with alkali gases can occur in the high temperature 
environment of the grate-kiln process. During pulverized coal combustion, kaolinite transforms to 
meta-kaolinite Al2O3·2SiO2 when the temperature exceeds 450 °C. Meta-kaolinite, in its unstable 
form, can react with alkali (K in this case) and form kalsilite KAlSiO4 and leucite KAlSi2O6. Kaolinite can 
be used to capture alkali (K, Na) species in the process flue gas, as previously shown.51-54 K has higher 
reactivity, but because K and Na belong to the same periodic chemical group, similar reactions can 
occur for Na with Al- and Si-rich minerals.55-57 
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5.2 Deposit formation in the Grate-Kiln  
 

Particles that are present in the grate-kiln accumulate and form deposit structures. The deposit is a 
multi-component system that consists of various mineral particles and melts. As a further 
complication, full-scale industrial processes also fluctuate in practice. The deposits from the grate-
kiln consist primarily of iron ore pellet fragments and, secondarily, fuel ash particles. 

5.2.1 Influence of fuel ash on deposit formation 
Chemical elements in fuels can cause slagging, fouling and corrosion in the furnace walls, convective 
passes and metal surfaces in power plants. These slagging and fouling elements were also found in 
the grate-kiln process, although their compositions can differ due to different coals and also the 
minerals from the iron ore pellets.  

Ash deposition in power plants has been intensively researched, in regards to the various behaviours 
and properties of the deposits. 58,59  The emphasis has often been placed on the slagging, fouling and 
corrosion that is caused by the fuel ash deposits. By narrowing down the fuel types to only 
bituminous coal and oil, the elements that contribute to slagging, fouling and corrosion are 
presented in Table 12. 

Table 12 Elements in fuels that contribute to slagging, fouling and corrosion. (Modified and simplified 
from source. 58) 

Elements Bituminous Coal Oil   
Si S   Contribute to Slagging  
Al S    
Fe S    
Mg S          Contribute to Fouling  
Ca S    
Na F, C F, C     Corrosive elements 
K S    
Ni - F   
V - F, C   
Cl C    
S C F, C   
S: Slagging - by partial or fully formed melts due to fluxing of quartz by heavy metals at flue gas 

temperature > 574 °C. 
F:  Fouling - fused or sintered ash due to condensation of volatile species, solid-gas reactions with 

SO3 or Cl, solid-state reaction at flue gas temperatures from 648-1037 °C between sulphates and 
oxides, and molten sulphates. 

C:  Corrosion – by Cl or S of metal surfaces in excess of 316 °C under reducing conditions and 443 °C 
under oxidizing conditions; by V above 510 °C. 

 

The presence of elements in the fuel ash that cause slagging, fouling and corrosion tells only part of 
the story, although it tells us that coal fuel has a slagging issue. Fouling and corrosion problems 
appeared to be more of a concern from the oil combustion aspect. The grate-kiln process exceeded 
all the critical temperatures that cause slagging, fouling and corrosion as suggested by Table 12. The   
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interaction of elements (in their actual mineral forms, more than one element are bonded to one 
another) between the fuel ash particles and the mineral particles from iron ore pellets, would give a 
better understanding of the deposit formation in the grate-kiln, which is discussed in Section 5.2.2. 

 

5.2.1.1 Effect of coal minerals  
The minerals in coal fuel undergo extensive modifications during pulverised coal combustion. The 
combustion temperature can easily exceed 1650 °C, 38  and the flow pattern in the combustion 
appliance can cause the ash particles to deposit onto surfaces in the combustion process. This is 
further complicated when the temperature increases above 800 °C, as mineral species start to melt 
and interact. These mineral particles may then react with other particles of different chemical 
composition, and yield a product significantly different from the reactants. 60 The heterogeneous 
appearance of coal ash is shown in Figure 16, where a wide variation of coal ash particles was 
observed during the pilot-scale pulverised coal combustion experiment. 

Coal minerals change progressively as the temperature rises (Figure 26). Dehydration (the loss of 
water) takes place first. Next, CO2 and SOx are evolved and pyrite is oxidised. Sintering begins at 
650 °C and liquid phases are formed that lead to melting and reactions between particles to produce 
fused matter in form of slag and clinker (deposit) at temperature above 1000 °C. Volatilisation of 
alkalis (Na and K) occurs as the temperature increases above 1100 °C. Silica (SiO2) begins to volatilise 
above 1650 °C under oxidising conditions, and at a significant rate above 2100 °C. 60 

 

Figure 26 Effect of heat upon minerals in coal. (Modified from source. 60,61) 

In practice, the mineral transformation during coal combustion is complex. As a further complication, 
the inner environment of the grate-kiln is rich in iron oxide and iron ore pellet fragments (e.g. 
additives). During the combustion of coal particles, this multi-component system involves many 
minerals that are formed at varying rates under conditions that may shift from strongly reducing 
(inside coal particles) to strongly oxidising atmospheres (exposed to excess oxygen) in a few 
milliseconds. 
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5.2.2 Influence of iron ore pellets on deposit formation 
Iron ore pellets as finished product compose mainly of hematite, along with additives. Minerals in 
the iron ore pellets are shown in Table 13. 

Table 13 Minerals in iron ore pellets.  

Minerals Chemical formula Melting Temperature (°C) 
Magnetite Fe3O4 1538 

Hematite Fe2O3 1475-1565 

Quartz SiO2 1600-1725 

Bentonite Na0.2Ca0.1Al2Si4O10(OH)2(H2O)10 > 800 form Si Slag 1 
> 1150 form Si Slag 2 
(Estimated by FactSage) 

Dolomite (Ca, Mg)(CO3)2 2570-4660 
Calcite CaCO3 2572 
Olivine (Mg, Fe)2SiO4 

(Mg)2SiO4  Forsterite (Fo) 
(Fe)2SiO4    Fayalite (Fa) 

 
1900 
1200 

KPBA pellet additives: Quartz (Si) + dolomite (Ca, Mg) + Calcite (Ca) 
KPBO pellet additives: Olivine (Mg, Fe, Si) + Calcite (Ca) 
 
Results from Paper III show that short-term deposits from the full-scale grate-kiln were harder and 
denser compared to the short-term deposits from the pilot-scale coal combustion furnace.  The 
short-term deposits from the grate-kiln consisted of a variety of particles from both iron ore pellets 
and coal ash particles embedded in an iron-rich silicate molten phase. The short-term deposits from 
the pilot-scale furnace were porous and consisted solely of coal ash particles embedded in a silicate 
molten phase.  
 
The molten phase in the short-term deposits from the grate-kiln had a higher Fe content and a higher 
CaO/(SiO2+Al2O3) ratio than the molten phase from the pilot-scale short-term deposits. Chemical 
thermodynamic calculation with FactSage 62 showed that the molten phase in short-term deposits 
from the grate-kiln with ongoing iron ore pellet production had a lower viscosity compared to the 
molten phase in the short-term deposits from the ECF with only coal combustion.   
 
This result agrees with the literature that states that high iron oxide content in coal ash slag can 
dominantly influence the viscosity and flow characteristics, as iron oxide can act as a fluxing agent in 
the slag. The presence of alkaline-earth oxides (in this case CaO) can also decrease the viscosity in 
aluminosilicate melts 63. The low viscosity of the molten phase in the grate-kiln made it easier for the 
melt to flow readily and fill in gaps between nearby particles, consequently contributing to harder 
and denser deposits. On the contrary, the relatively higher viscosity of the molten phases in the 
short-term deposits from the ECF (solely coal ash) resulted in lower flow ability of the melt, which 
remained locally in the deposits. This explains the higher porosity and the lower adhering strength of 
the ECF short-term deposits to the sampling surface of the deposition probe.   
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The main difference between the molten phase from the grate-kiln and ECF was the higher Fe and Ca 
contents in the molten phase from the grate-kiln. Fe could have originated from either iron ore pellet 
dust or from calcium ferrite (Ca2Fe2O5) formed in the iron ore pellets. It could also be that the 
increased Fe content in the molten phase in the short-term deposit from the grate-kiln was partially 
due to the longer sampling time, i.e. 14-16 hours in the grate-kiln compared to 60-75 minutes in the 
ECF. The longer sampling time could have enhanced the share of Fe particles that were dissolved into 
the molten phase.  
 
The molten phase in the deposits from the grate-kiln could have had Fe2O3 contents as high as >50 
wt %. According to the chemical thermodynamic calculation 62, this increased content of Fe2O3 is 
completely soluble in the molten phase at 1350 °C, which is a pellet temperature that could have 
been reached in the kiln.  
 

5.2.3 Growth of deposits in the grate-kiln 
The results showed that the deposit growth rate in the grate-kiln was not proportional to time 
(Figure 19). Several factors that affected the growth of deposits are suggested as the following: 

(a) Molten phases – The presence of molten phases and its abundance can affect the growth rate of 
the deposit layer in the grate-kiln. If a high amount of molten phase meets with a high amount of 
pellet dust that is circulating in the process, it can escalate and intensify the deposit growth.  

(b) High temperature – The high temperature in the grate-kiln process allows heat transfer from the 
high temperature process gas to the deposit layer that adheres to the kiln wall. The higher the 
temperature, the higher the tendency that more chemical species can reach their melting 
temperatures, thus more molten melt phases can exist. 

(c) Pellet bed temperature – Generally, coal ash will not agglomerate at temperatures lower than 
1000 °C. 38 In the grate-kiln at the PH zone, the upper pellet bed temperature is ~1000 °C and lower 
bed temperature is ~220 °C. At the beginning of the kiln when pellets are transported from the grate 
into the kiln, the upper pellet bed temperature is ~1200 °C and the lower bed temperature is ~980 °C. 
Further into the kiln when the pellet bed is transported nearer to the flame, the bed temperature 
increases. The elevated temperature of the pellet bed that has direct contact to the kiln wall, along 
with the molten phase in the coal ash that is unavoidably generated from the coal combustion, these 
conditions can cause deposit formation in the rotary kiln.  

(d) Gravitation force – Along with the 1.4 rpm rotational speed of the rotary kiln and ~20 cm of pellet 
bed depth, the inclined bed motion of the iron ore pellet bed is characterized as slumping and 
rolling.64 The iron ore pellets were induced by gravity and rotation to move downwards, thus exerting 
an extra force on the contact surfaces between the bed materials and the kiln wall, making the 
deposit more compact.  

(e) Pellet dust concentration – The dust concentrations of the disintegrated pellet dust affects the 
deposit growth in the grate-kiln. This was proved by the results of the total mass concentration of 
dust particles (PM tot) in the grate-kiln (Table 10) and the deposit sampling S6 during coal combustion.  
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5.2.4 Sintering and deposit growth 
In the grate-kiln, sintering of hematite, melting of binder and additives (such as bentonite, calcite), 
and melting of fuel ash occur simultaneously in the high temperature environment. Sintering is a 
heat treatment of powder which results in strengthening and densification of the powder mass.65  
Several reactions take place during the complex process of sintering. The reactions that can occur in 
this multi-component system in the grate-kiln during the sintering treatment are summarized as 
Table 14, although not limited to these reactions only.  

Table 14 Example of reactions that occur in the grate-kiln. 

Reaction Example 
Single component 

 
(a) Solid-Solid reactions  
 
A (s) + A (s)→ A (s) 

 
Sintering of Fe, Cu or any other metal powder 
e.g. Sintering of hematite 
𝐹𝑒23+𝑂3 → 𝐹𝑒23+𝑂3   
 

Multi components 
 
(b) Solid-Liquid reactions 
A (s) + BCDE (l) → [A (s) + BCDE (l)]  

 
 
Hematite + Molten phase(ash)  Deposit growth  
 

 
A (s,l) + BCDE (l) → [ABCDE (l)] 

 
Flux (particle or fluid) + Molten phase (relatively higher viscosity)  
                                           Molten phase (relatively lower viscosity) 
 
Reaction condition: High temperature (>1350 °C) that allows dissolution of 
Fe, FeO, Fe2O3 (or Ca2Fe2O5) into the existing melt, and as a result, forming 
a melt that flows easier than the initial melt. 
 

 
A (s) + M (l) → (A (s) + M (l)) 

 
Hematite + Melt phase(binder)  Deposit growth 
 
Reaction condition: High enough temperature to form binder-melt phase. 
 

 
(c) Solid-Gas reactions 
aA (s)+ O2 (g) → A (s) 

 
Oxidation of magnetite to hematite 
4(𝐹𝑒2+𝑂 ∙ 𝐹𝑒23+𝑂3)  + 𝑂2 → 6𝐹𝑒23+𝑂3             
 

 
(d) Liquid-Gas reactions 
BCDE (l) + G (g) → [BCDEG (l)] 

 
Coal ash molten phase reacts with alkali gases 
(Si,Al,Fe,Ca oxides) + Na and/or K → [K,Na,Si,Al,Fe,Ca]oxide 
 
Reaction product as oxide under oxidising condition. 
There is evidence from previous research39 that alkalis can lower the 
sintering temperature of fly ash. 
 

A(s) : solid components (e.g. Fe2O3) 
aA(s)  : solid solution (e.g. magnetite FeO·Fe2O3) 
BCDE(l) : coal ash molten phase (e.g. Si, Al, Fe, Ca oxides) 
M(l) : melt phase (e.g. binder and additive) 
G(g) : gas species (e.g. alkali gases )  
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The elevated temperature in the grate-kiln process affects the deposit formation. Heat is transferred 
from the high temperature process gas to the deposit layer that adhered to the transfer chute and 
kiln wall. The melt phases from the fuel ash and the binder in pellets are the sources of existing melt 
in the grate-kiln.  

Viscous sintering of coal ashes involves one or several stages. When a thin layer of liquid is formed 
between particles, the liquid meniscus tends to pull the particles together (see Figure 27). 
Rearrangement of the particles occurs by sliding and forming closed pores and voids. Consequently, 
shrinkage of pores occurs in the deposit. 

   

Figure 27 Coal ash particles with molten phase. Back-scattered ESEM images from the ECF pilot-scale 
coal combustion (fuel: Coal A+B).  

 

5.2.5 Deposit mechanism and particle sizes 
The deposit in the grate-kiln contains iron ore fragments and fuel ashes particles. The particle size 
can affect the particle trajectory in the process gas stream, causing impaction upon deposition 
surfaces when the change in direction of the gas stream is too abrupt. Deposit mechanisms 
correlating to different particle sizes have been suggested in the field of coal ash deposition research, 
although variations to those shown in Table 15 have been suggested. 7,66 In relation to the grate-kiln, 
the results suggested that inertial impaction was the deposit mechanism in the transfer chute where 
the sampling took place. The deposition mechanism in the grate-kiln also involves chemical reactions 
as shown earlier in Table 14.   

Table 15 Deposit mechanism with respect to particle sizes in the grate-kiln. 

 

 

  

Deposit mechanism Particle sizes 
Inertial impaction (coal ash) Dp > 15 μm 7 ; Dp > 10  μm 66   
Thermophoresis Dp <   1 μm 7 ; Dp < 0.1 μm 66 
Condensation Dp ~ 0.02-0.2 μm 66 
Chemical reactions  See Table 14 
Inertial impaction (iron ore pellets and coal ash) Dp ~ 11-38 μm 24,28 
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5.2.6 Deposit thickness 
The deposit thickness in the rotary kiln was observed to be irregular and not uniform, as a result of 
the flow pattern of the flue gas, temperature distribution on the pellet bed and formed deposit layer 
on the kiln wall. Molten particles from the flue gas adhered with pellet dust particles and formed 
larger clusters or unions of particles, which may have occurred before and after the particle clusters 
landed on the deposit surface in the grate-kiln. 

 

5.3 Practical challenges 
 

In practice, it is inevitable that full-scale processes are subjected to fluctuations and uncertainties. 
One who works with the industrial processes understands that various variables can be the reasons 
for fluctuations. The mined iron ore varies in composition and physical characteristics; thus, the iron 
ore pellets that are produced continuously in the grate-kiln are not homogeneous and can vary in 
size, phase composition and structure.  

Since results from the lab-scale studies cannot be compared with full confidence to the full-scale 
results due to differences in parameters and conditions, it is important to study the problem on a 
full-scale basis. Combustion products may vary from one grate-kiln plant to another depending on 
the combustion conditions. Oxygen contents from the supplied air for combustion can vary in 
different plants and within different zones of the process. Flue gas speed, dimensions of the grate-
kiln plant, different additives in iron-ore pellets, the influence of existing deposits in the grate-kiln 
plant may also result in similar but non-identical deposit formation in different grate-kiln plants. 
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6 Conclusion 
 

Characterisation of particles: (1) Particles in the grate-kiln process originate from iron ore pellets and, 
secondarily, from fuel ashes. (2) Particles in the submicron mode with particle size Dp ~0.03 – 0.06 
µm consist of Na, K, O for both cases of combustion. From coal combustion they also consist of Si, Fe, 
Cl and traces of S, P and Ca. From heavy fuel oil combustion S, Cl and traces of Fe were present. 
According to their sizes, these particles were most likely in gas phase in the high temperature process. 
(3) The first fragmentation mode with particle size Dp ~ 2.6 - 4.2 µm contained a significant amount 
of fines from iron ore pellets and fly ash particles from fuels. In addition to the main fraction of Fe-
rich angular particles from iron ore pellets, another fraction of particles in this mode was composed 
of either Si-Al-Fe-O from experiments with coal combustion or Ca-Si-O from experiments with heavy 
fuel oil combustion. (4) The majority (>96 wt%) of the particle mass that were captured by the 
particle sampling system were coarse particles with size Dp > 6 µm that constitute the second 
fragmentation mode. These particles consist of (on an oxygen-free basis) ~ 90 wt% Fe, 2 - 3 wt% Si 
and Al, 1 - 2 wt% Ca and Mg for both cases of combustion with iron ore pellets.  

 
Characterisation of deposits: (1) A significant increase in deposition rate was observed during coal 
combustion compared with oil firing. (2) Inertial impaction is the dominant deposit mechanism 
during sampling. (3) The flue-gas direction determines the texture and formation of the deposits.     
(4) The deposits are mainly hematite particles embedded in a bonding-phase, mainly comprising a 
calcium-alumina-iron-silicate. (5) Besides hematite and the bonding-phase, the minerals anorthite, 
mullite, cristobalite, quartz, forsterite and apatite were also observed in the deposit materials, after 
they had been cooled to room temperature. (6) Hematite grains with three distinctly different 
fractions were observed in the deposits, originating from pellet residues and fly-ash. (7) Spheres with 
dendritic morphology or clustered grains originating from fly-ash, mainly consisting of iron oxide, but 
also comprising of various concentrations of Si, Al, Ca and Mg, were observed in the deposited 
material. 

 
Comparison of the particle and deposit formation between a full-scale grate-kiln plant and a pilot-
scale pulverized coal fired furnace: (1) Na, K and Cl contents in submicron mode were higher in the 
grate-kiln than in the ECF, due to the alkali circulation in the grate-kiln. (2) The coarse mode particles 
(2.6-4.2 µm) sampled from the grate-kiln contained significantly more Fe, which originated from the 
iron ore pellets. The presence of coarse particles (>6 µm) was substantial (>96 wt% of the total 
particle mass) in the grate-kiln but insignificant in the ECF. (3) Short-term deposits from the grate-kiln 
were harder and denser compared to the short-term deposits from the ECF.  The short-term deposits 
from the grate-kiln consist of a variety of particles from both iron ore pellets and coal ash particles 
embedded in an iron-rich silicate molten phase. Short-term deposits from the ECF are porous and 
consist of coal ash particles embedded in an alumina-silicate molten phase. (4) The molten phase in 
short-term deposits from the grate-kiln has a higher Fe content and higher CaO/(SiO2+Al2O3) ratio 
than the molten phase from the ECF short-term deposits. Chemical thermodynamic calculation with 
FactSage62 showed that this molten phase in short-term deposits from the grate-kiln has a lower 
viscosity (flow more easily) compared to the molten phase in short-term deposits from the ECF.  
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7 Future work 
 

Prediction of deposition 
Prediction of the degree of deposition in the grate-kiln is still a challenge today because of the 
variation of the chemical components (minerals from both fuel ash and pellet minerals) and also 
variables such as: local gas temperature, gas velocity throughout the grate-kiln, change of flue gas 
orientation due to deposit accumulation, local heat flux of each particle. If these mentioned variables 
can be reliably measured and modelled relied on, prediction of deposition is possible. 

Process design of Grate-Kiln 
The process design of a grate-kiln may be modified and improved such that the operating parameters 
can be controlled with the purpose of minimising deposition. Altered dimensions of the transfer 
chute, non-stick inner wall of the rotary kiln and local gas temperature measurement and control 
systems are just a few suggestions that may counter against deposition. 

Particle density consideration 
Particles do not necessarily have the same density. A denser particle (e.g. pellet fragment) has 
different dynamic behaviour compared to another particle of equivalent size but with lower density 
(e.g. cenosphere, coal ash particles). 

This work initiated the first attempts to collect particles with an impactor from the grate-kiln 
process. In the field of aerosol technology, the term aerodynamic particle diameter (or size) is 
widely applied in the particle sampling method that utilise the impactor. The actual particle 
diameters, based upon their highly varied densities, morphologies and porosities, are difficult to 
connect with the method for this work, especially since smaller particles (with various densities and 
shape factors) aggregate and form larger union of particles (see Figure 10 in Paper I).  

The aggregated particles result in an increased particle size that is sampled by the particle sampling 
method. Actual particle (irregular-shaped or spherical) may have smaller particle diameter 
compared to its aerodynamic diameter (that resembles water droplet). The low pressure impactor 
was pre-calibrated with water density (i.e. water droplet). The results analysis from the impactor 
was based on the cut-off aerodynamic diameters, thus making it possible to categorize, characterize 
and attempt to understand the particles with this method. 

To design a method that is capable of sampling particles as their actual particle diameters, it is 
necessary to classify the different phases of particles (in their different forms, multi-components 
melt or semi-molten particles), as well as to identify their multi-component densities. For ideal 
particles of pure materials, this may be achievable, but for multi-component particles (as in this 
case), the densities of various particles require extensive further work to predict and determine 
before a new method can be developed for application.   
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Effect of binder  
The purpose of binders in the iron ore pellets is to improve the adhesion between powder particles, 
to give enhanced cohesion of the compact and elimination of physical defects 65 . The quantitative 
effect of binder towards the deposit formation in the grate-kiln is still unknown, further study is 
required to investigate if it has a significant role in the deposit formation. 
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Term and Explanation 
Aerodynamic diameter  Diameter of a unit-density sphere having the same gravitational 

settling velocity as the particle in question. 1 
Aerosol  Assemble of liquid or solid particles suspended in a gaseous medium 

long enough to be observed and measured; particle size is generally 
about 0.001 to 100 µm. 1 

Agglomerate Group of particles held together by van der Waals forces or surface 
tension. 1 

Aggregate Heterogeneous particle in which the various components are not 
easily broken apart. 1 

Cascade impactor  Device that uses a series of impaction stages with decreasing particle 
cut size so that particles can be separated into relatively narrow 
intervals of aerodynamic diameter; used for measuring aerodynamic 
size distribution of an aerosol. 1 

Coagulation  Aerosol growth process resulting from the collision of aerosol particles 
with each other. 1 

Coarse particle mode  Largest particle mode (>2 µm) in atmospheric particle size 
distributions, consisting primarily of particles generated by mechanical 
processes. 1 

Diffusion Net movement of particles or gas from a higher to a lower 
concentration. 1  

Dilution ratio Factor by which measured concentration is multiplied to obtain 
mainstream concentration. 1 
e.g. (Concentration of O2 in main stream)/(Concentration of O2 in 
sampling system) = the factor that the main stream was diluted. 

Dust  Solid particles formed by erosion or other mechanical breakage of a 
parent material; generally consists of particles of irregular shape and 
larger than about 0.5 µm. 1 

Emission  Material being discharged into the outdoor atmosphere. 1 
Fine particle Particle less than about 2µm in size, consisting of particles in the nuclei 

and accumulation modes; term used in describing atmospheric 
aerosols. 1 

Fly ash Particles of ash entrained in flue gas produced by fossil fuel 
combustion. 1 

Fouling Fused or sintered ash due to condensation of volatile species, solid-gas 
reactions with SO3 or Cl, solid-state reaction at flue gas temperatures 
from 648-1037 °C between sulfates and oxides, and molten sulfates. 2 
Dry, powdery deposit materials that is formed generally in the 
convection pass. 3      

Fume Small particles that are usually the result of condensed vapor (often 
from combustion) with subsequent agglomeration. 1  

Heterogeneous Consisting of individual components that may differ from each other in 
size, shape and chemical composition. 1 

Heterogeneous nucleation Formation of droplets on condensation nuclei (existing submicrometer 
particles). 1 

Homogeneous nucleation Formation of droplets in the absence of condensation nuclei; also 
called self-nucleation. 1 

Isokinetic sampling  Sampling condition in which the air flowing into an inlet has the same 
velocity and direction as the ambient air flow. 1 



ii 

Laminar flow  Gas flow with a smooth, non-turbulent pattern of streamlines, with no 
streamline looping back on itself; usually occurs at very low Reynolds 
numbers. 1 

Manometer  Device used to measure pressure differences. 1 
Microparticle Particles with sizes of the order of micrometers. 1 
Mode Value occurring most often in a distribution of values; peak value of a 

distribution. 1 
Nanoparticles  General term indicating particles with sizes on the order of 

nanometers, usually limited to less than 100 nm. 1 
Partial pressure  Pressure that a vapor would exert if it were the only component 

present in a volume of gas. 1 
Particle  Small discrete object, often having a density approaching the intrinsic 

density of the bulk material; it may be chemically homogeneous or 
contain a variety of chemical species; it may consist of solid or liquid 
materials or both. 1 

Particle bounce  Rebound of particles that fail to adhere after impacting on a collecting 
surface. 1 

Particle size distribution  Relationship expressing the quality of a particle property (activity) 
associated with particles in a given size range. 1 

Particulate  (adjective) particle-like characteristics; also colloquially used as a noun 
to describe particles or particle-containing material. 1 

PM  Particulate Matter, usually used in relation to regulatory standards 
having a specific cut-off aerodynamic diameter 1 (e.g. PM10 - particles 
with diameter of 10 µm or less)  

Slagging It is caused by partial or fully formed melts due to fluxing or quartz by 
heavy metals at flue gas temperature > 574 °C. 2 
Ash deposition which was resulted by a liquid layer, generally on 
furnace wall in proximity to the flame. 3      

Soot  Conglomeration of particles formed by incomplete combustion of 
carbonaceous material. 1 

Submicroparticle 
(submicron) 

Particle with diameter under 1 µm (micrometer).  

Thermophoresis  Particle’s motion in a temperature gradient (i.e. from a hotter to a 
colder region). 1 

Turbulent flow  Chaotic flow with streamlines looping back on themselves; less well 
behaved than laminar flow. 1 

Vapor pressure Partial pressure of a liquid’s vapor required to maintain the vapor in 
equilibrium with the condensed liquid or solid; also referred to as 
saturation vapor pressure. 1 

References 

(1) Baron, P. A.; Willeke, K. Aerosol Measurement - Principles, Techniques, and Applications; Wiley 
Interscience: 2001. 

(2) Bryers, R. W. Fireside slagging, fouling, and high-temperature corrosion of heat-transfer surface 
due to impurities in steam-raising fuels. Progress in Energy and Combustion Science 1996, 22, 
29-120. 

(3) Wall, T. F. Mineral matter transformations and ash deposition in pulverised coal combustion; 1992, 
pp 1119-1126. 



 
 
 
 
 

Paper  I 
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ABSTRACT: Slag formation in the grate-kiln process is a major problem for iron-ore pellet producers. It is therefore important
to understand the slag formation mechanism in the grate-kiln production plant. This study initiated the investigation by in situ
sampling and identifying particles in the flue gas from a full-scale 40 MW grate-kiln production plant for iron-ore pelletizing.
Particles were sampled from two cases of combustion with pulverized coal and heavy fuel oil. The sampling location was at the
transfer chute that was situated between the traveling grate and the rotary kiln. The particle-sampling system was set up with a
water-cooled particle probe equipped with nitrogen gas dilution, cyclone, and low-pressure impactor. Sub-micrometer and fine
particles were size-segregated in the impactor, while coarse particles (>6 μm) were separated with a cyclone before the impactor.
Characterization of these particles was carried out with environmental scanning electron microscopy (ESEM), and the
morphology of sub-micrometer particles was studied with transmission electron microscopy (TEM). The results showed that
particles in the flue gas consisted principally of fragments from iron-ore pellets and secondarily of ashes from pulverized coal and
heavy fuel oil combustions. Three categories of particle modes were identified: (1) sub-micrometer mode, (2) first fragmentation
mode, and (3) second fragmentation mode. The sub-micrometer mode consisted of vaporized and condensed species; relatively
high concentrations of Na and K were observed for both combustion cases, with higher concentrations of Cl and S from heavy
fuel oil combustion but higher concentrations of Si and Fe and minor P, Ca, and Al from coal combustion. The first
fragmentation mode consisted of both iron-ore pellet fines and fly ash particles; a significant increment of Fe (>65 wt %) was
observed, with higher concentrations of Ca and Si during heavy fuel oil combustion but higher concentrations of Si and Al during
coal combustion. The second fragmentation mode consisted almost entirely of coarse iron-ore pellet fines, predominantly of Fe
(∼90 wt %). The particles in the flue gas were dominantly iron-ore fines because the second fragmentation mode contributed
>96 wt % of the total mass of collected particles.

1. INTRODUCTION

Iron ore is one of our most important natural resources, with
∼1600 Mt mined in 2010.1 Almost all (98%) of the mined iron
ore is used in steelmaking.2 Mined iron ore can be used directly
as lump ore or converted to, e.g., pellets, to be reduced either by
direct reduction or in a blast furnace. In 2010, 25% of the mined
iron ore was converted into pellets.1 During the pelletizing
process, the iron ore is first crushed into a powder, mixed with
additives and a binder, and balled into green pellets (9−15 mm
in diameter) that are thereafter sintered to pellets in an
induration furnace.3 The two most common processes used for
pelletizing today are the traveling grate [most often used for
hematite (Fe2O3) ores] and the grate-kiln process [most often
used for magnetite (Fe3O4) ores]. The traveling grate process
uses a stationary bed of pellets, which are transported through
the entire process, including zones of drying, oxidation, sintering,
and cooling. The grate-kiln process (which is the focus in this
work) uses a shorter grate, with part of the oxidation and
sintering taking place in the kiln, a rotating furnace that achieves
a more homogeneous induration of the pellets. The total
residence time of the pellets in a grate-kiln furnace is around 30

min. The residence time can vary from plant to plant because of
different dimensions among grate-kiln plants.
Rotary kilns were developed for production of Portland

cement in the late 19th century. Besides in cement production,
rotary kilns are used for drying or sintering in many different
applications, e.g., lime regeneration or refinement and
processing of raw minerals, such as iron ore. Kiln designs vary
with their applications.4 A burner is located at the outlet of the
kiln, and the primary fuel is coal powder. However, fuel oil is
used as a start-up fuel and when problems with the coal supply
arise.
During production of the iron-ore pellets, deposit formation

on the walls of the induration machine frequently occurs,
especially in the hot part (the end of the grate, rotary kiln, and
beginning of the cooler). Accumulation of deposits causes
disturbance in the production of the iron-ore pellets, because the
gas and pellet flow is affected by the deposit layer and, therefore,
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extended maintenance stops may occur. It has been observed
that buildups of deposits in rotary kilns for iron-ore pellet
production cause not only mechanical strains but also degrade
the liners over time by corrosion.5

Deposition of particles (fly ash) on walls and boiler tubes
(called slagging if the material is deposited in the furnace and
fouling if the material is deposited in the convection path) is a
well-known phenomenon during pulverized coal combustion in
power plants.6 The fly ash from coal combustion is produced by
two mechanisms,7−15 resulting in a bimodal particle size
distribution (PSD). The bulk of the mineral matter is
transformed by fusion on the surface of the burning char
particles into large ash particles, 0.5−20 μm in diameter. Smaller
particles, <1 μm in diameter, are produced by volatilization and
recondensation of a small part of the mineral matter (fume
particles).
Particle deposits are thereafter built up when the produced fly

ash particles hit the walls in the furnace by inertial impaction,
diffusion of fume, condensation, and chemical reactions.6,16

However, in comparison to ordinary coal combustion, the
situation is more complicated in pelletizing plants, because in
addition to the fly ash, particles from disintegrated iron-ore
pellets also are entrained in the gas flow and together with the fly
ash contribute to the formation of deposits. Therefore, this
system is more complex regarding deposit formation compared
to ordinary coal combustion. To the authors’ best knowledge
very limited information17 in this context is available in the
literature. No previously published work has been found
regarding the characterization of particles from the grate-kiln
process for iron-ore pelletizing.
The overall goal of this work was to investigate the formation

of deposits during production of iron ore in a grate-kiln
induration furnace to improve the understanding of the
formation mechanism of the deposits. The results can hopefully
be used by producers of iron-ore pellets to minimize the
formation of deposits with the aim of increasing the production
rate of pelletized iron ore. To address these issues, an
experimental approach including full-scale experiments in a
grate-kiln induration furnace was chosen [LKAB Kiruna
Kulsinterverk 2 (KK2), Sweden].

The initial work was divided into two papers: In the first paper
(this paper), the focus was on characterizing the particles in the
flue gas during combustion of oil and coal to obtain information
of the particle formation mechanisms in a grate-kiln furnace.
This was performed because particle formation is the first step in
the formation mechanism of the deposits. Particle samples from
the transfer chute between the kiln and the grate were withdrawn
with a dilution probe and analyzed with respect to morphology
and chemical composition. In the second paper of this series
(10.1021/ef4009746), the focus is on characterizing the short-
term deposit in a grate-kiln furnace to gain an understanding of
the deposition formation mechanisms in a grate-kiln furnace.

2. EXPERIMENTAL SECTION
2.1. Grate-Kiln Process. A grate-kiln process is used to produce

iron-ore pellets, where magnetite iron-ore green pellets oxidize to
hematite pellets. The whole system consists of a grate where pellets
undergo drying, preheating, and oxidation and a rotary-kiln that further
heats and sinters the pellets at high temperature and is followed by a
cooler where pellets undergo cooling with cold air. A schematic figure of
the grate-kiln process is presented in Figure 1. The experiments in this
paper were performed in the full-scale grate-kiln plant (KK2) owned by
the Swedish mining company Luossavaara-Kiirunavaara Aktiebolag
(LKAB). The thermal power of the plant is ∼40 MW. The KK2
pelletizing plant has been in operation since 1981, with an average
annual production of about 4 million tons of iron-ore pellets.

The grate in the KK2 pelletizing plant consists of a broad transport
conveyer that is built up of perforated plates between chains with a total
length of 60 m and width of 4.38 m. In the beginning of the grate, pellets
with a moisture content of ∼11% from the concentration plant are
loaded on a transport conveyer. During the transportation of the iron-
ore pellets through the grate, preheated air from the cooler is blown
through the pellets bed (bed depth of ∼20 cm) in such a way that an
appropriate process temperature is achieved in the different zones of the
grate. The different zones in the grate are updraft drying (UDD),
downdraft drying (DDD), temperate preheat (TPH), and preheat
(PH). In the UDD zone, preheated air with a temperature of ∼150 °C
from the cooler is blown upward through the pellet bed to dry the
pellets. The temperature of the pellets leaving the UDD zone is ∼50 °C
after the heat exchange. In the DDD zone, preheated air from the cooler
with a temperature of ∼400 °C is blown downward to the pellet bed to
dry the moisture at the upper pellet bed and prepare the pellets for
preheating at an elevated temperature in the next zones of the grate

Figure 1.Grate-kiln process schematic drawing (modified from the source with permission fromMetso Minerals). The transfer chute was the sampling
location where particles were collected with the particle-sampling system.
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(TPH and PH). In the TPH zone, preheated air (1000 °C) from the
cooler is blown downward through the pellet bed. The oxidation of the
pellets starts in the TPH zone.18 In the PH zone, hot flue gas (∼1200
°C) from the kiln together with the exothermic energy from the
oxidation of the pellets (magnetite to hematite) heats the pellet bed.
The oxidation energy is significant and at normal operation condition
contributes 2/3 (80 MW) of the total thermal energy in the plant.
In the kiln, the iron-ore pellets are subjected to sintering at an

elevated temperature while they tumble, descend, and are transported
through the rotary-kiln. To obtain a sufficiently high process
temperature in the kiln that is required for sintering of the pellets,
heavy fuel oil or pulverized coal with a thermal power of 40 MW is used
as fuel. The fuels are introduced to the furnace from a coal or oil burner
that is installed at the end of the rotary-kiln. Pulverized coal is the major
fuel used for heating the pellets in the kiln during normal operation,
while heavy fuel oil is used during the start-up of the process and at the
occurrence of production disturbance related to the coal feeding system.
Preheated air (∼1200 °C) from the first zone of the cooler is used as
combustion air. The air/fuel ratio corresponds to an excess air level of
16% O2 in the gas stream leaving the kiln, and the combustion air is
supplied from both above and below the burner. The rotary kiln in KK2
is 34 m in length and 5−6 m in diameter and rotates with 1.4 rpm and
4% inclination.
The hot pellets that have been oxidized in the grate and sintered in

the kiln are thereafter transported to the annular cooler where they are
cooled by means of air that is blown through the pellet bed (bed depth
of ∼70 cm). As mentioned earlier, the preheated air from the cooler is
thereafter used as process gases in the kiln and the different zones of the
grate. The annular cooler in KK2 has inner and outer diameters of 6.1
and 9.9 m.
2.2. Operating Conditions. Two cases of combustion were

investigated in this work, heavy fuel oil (May 2010) and pulverized coal
combustion (September 2010). Dedicated experiments with the
particle-sampling system were carried out during normal production
of pellets, and the operational conditions of the plant are summarized in
Table 1. Although the process condition in the plant is relatively stable

during normal operation, one should bear in mind that there can be
small fluctuations in an industrial process. The operation condition
presented in Table 1 is the average value and is adopted from the
process control system of the plant.
During the experiments, two types of iron-ore pellets were produced.

Kiruna pellet blast furnace acid (KPBA) was produced during the
experimental campaign in May, and Kiruna pellet blast furnace olivine
(KPBO) was produced during the experimental campaign in
September. KPBA pellets are designed for operation together with
sinter in the blast furnace, and KPBO pellets are designed for 100%
pellet operation in blast furnaces. The inlet pellet mass flow rate was
higher than the outlet pellet mass flow rate because of the loss of
moisture in pellets when they were dried in the UDD and DDD zones
of the grate. The production rate in September 2010 was 34% higher
compared to that in May 2010. The heavy fuel oil was combusted
continuously for 4 days prior to the experiment on May 18, 2010.
2.3. Materials. The chemical compositions of coals, heavy fuel oil,

and iron-ore pellets (KPBA and KPBO) are presented in Table 2. The
pulverized coal consists of a mixture of approximately 70% coal A and
30% coal B at the time of the experiment in September 2010.
Coal A has a higher volatile matter and ash content compared to coal

B. Coal B has a higher carbon content. As for mineral matters, coal A has
higher Si and Al contents than coal B, while coal B has higher Fe, Ca, K,

and Mg contents than coal A. Heavy fuel oil consists mainly of volatile
matter with negligible ash content and also has a relatively higher
heating value and very low mineral matter content compared to coals A
and B. In the aspect of pellets, KPBA has a higher amount of quartz and
calcite contents than KPBO, while KPBO contains olivine.

2.4. Particle-Sampling System. Particle samples were withdrawn
from the transfer chute between the grate and the kiln via a water-cooled
rapid dilution sampling probe. The sampling location is marked in
Figure 1. The particle-sampling system used in this study is presented
schematically in Figure 2. The water-jacketed particle probe was
continuously cooled during samplings to prevent deformation of the
probe because of a high process temperature of ∼1200 °C.

The particle samples were withdrawn perpendicularly (non-
isokinetically) to the main gas stream. Directly at the probe tip, the
hot flue gas (∼1200 °C) was diluted and cooled with pure nitrogen gas
to a temperature of ∼100 °C. After dilution, gaseous components of
inorganic vapor nucleate and create very small particles that have no
significant interaction with larger particles already present in the flue
gas.19 The dilution degree was controlled by adjusting the needle valve
for flow input of nitrogen gas into the probe tip. The dilution factors
were in the range of 16−37 during sampling in this work. The dilution
factors were calculated as the ratio of the oxygen content in the
undiluted flue gas at the sampling location to the oxygen content in the
diluted sampling gas. The gas temperatures directly after dilution in the
probe tip were in the range of 79−102 °C during the samplings, and this
temperature was measured with a 1.5 mm commercial K-type
thermocouple.

Table 1. Operating Conditions

dates May 18, 2010 Sept 14, 2010

fuel for combustion heavy fuel oil coal

iron-ore pellet type KPBA KPBO
fuel flow rate (ton/h) 3 4.3
pellet inlet mass flow rate (ton/h) 410 554
pellet outlet mass flow rate (ton/h) 365 492

Table 2. Chemical Compositions of Coal A, Coal B, Heavy
Fuel Oil, and Iron-Ore Pellets (KPBA and KPBO)

fuel/pellets coal A coal B
heavy fuel

oil KPBA KPBO

Proximate Analysis (wt % as Received)
volatile matter 20.96 18.36 99.8
fixed carbon 60.34 65.74
moisture 6 9.1 0.1 10.98 11.19
ash (fuels)/minerals
(pellets)

12.7 6.8 0.023 89.02 88.81

Ultimate Analysis (wt % Dry)
C 74.6 80.7 85.3
H 3.9 4.2 11.3
N 1.4 2.1
O (by difference) 6.26 5.17 3.172 30.59 30.60
Cl 0.01 0.02 0.005 <0.002 <0.002
S 0.33 0.31 0.2 <0.001 <0.001
effective heating
value (MJ/kg)

29.34 31.69 41.10 0.51a 0.51a

Elemental Analysis (wt % Dry)
Si 3.63 1.99 <0.001 1.22 0.98
Al 2.14 1.08 0.0008 0.12 0.12
Fe 0.21 0.4 0.0016 67.21 66.91
Ca 0.09 0.29 0.0015 0.39 0.33
K 0.05 0.12 0.0001 0.03 0.03
Mg 0.03 0.11 0.00027 0.31 0.90
Mn 0.01 0.01 0.000017 0.06 0.06
Na 0.01 0.01 0.0023 0.03 0.03
P 0.05 0.01 <0.0001 0.025 0.025
Ti 0.07 0.04 0.00003 0.09 0.09
Ba 0.03 0.01 0.00027
V 0.0009 0.11 0.11
Ni 0.0012 <0.03 <0.03
Zn 0.0002 <0.003 <0.003
Cu 0.00001 <0.001 <0.001
Cr 0.000005 <0.005 <0.01
aCalculated on the basis of the exothermic energy from the oxidation
of Fe3O4.
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Particles withdrawn from the transfer chute first passed through the 1
m long particle probe. Large particles were separated from the gas flow
with a pre-cyclone with a size cut of ∼6 μm; thereafter, the flow entered
into a 13 stage Dekati-type low-pressure impactor (LPI) that size-
classified particles according to their aerodynamic diameters in the
range of 0.03−11 μm. From the impactor measurement, the
aerodynamic particle diameters are presented in this paper, because
the true particle size is unknown as a result of different shape factors of
the particles and possible size of the agglomerates. Impactor stages 1
and 10 were selected for analysis because of their significant particle
amounts; the cutoff diameter (d50) for impactor stage 1 was 0.03 μm,
and for stage 10, it was 2.58 μm. The cutoff diameters for all 13 stages in
the impactor are (from stages 1 to 13): 0.03, 0.06, 0.11, 0.17, 0.27, 0.41,
0.66, 1.04, 1.69, 2.58, 4.17, 6.97, and 10.7. The LPI operates according
to the principles of inertial impaction.20,21 Thin aluminum foils were
used as impactor substrates. The last (bottom) plate of the impactor
acts as a sonic orifice regulating the gas flow through the LPI to ∼18 L/
min. A manometer was connected to the sampling pipe after the LPI to
monitor the pressure after the last impactor stage and ensure proper
operation of the impactor. A pump was connected after the manometer
for initiating the withdrawing movement of particles. At the end of the
system, a flue gas analyzer was used to measure the gas concentration of
O2, CO2, CO, and NOx continuously during the sampling periods.
2.5. Temperature Measurement System. To minimize the

errors from radiation heat transfer, the mean and fluctuating gas
temperatures were measured with an uncoated fine-wire S-type (Pt and
90% Pt/10% Rh) thermocouple with 50 μm wire diameter. These wires
were welded by an acetylene/oxygen flame to form a thermocouple
junction with a diameter of <200 μm. The thermocouple junction was
extended 10 mm from the end of a ceramic tube with a length of 10 cm
that protects the rest of the wires. The end of the ceramic tube was
installed at the tip of a water-jacketed cooled probe that serves as a
protection shield for the transmitting cable. The gas temperatures were
measured at the transfer chute on Sept 13 and 16, 2010 for a period of
10 min during each measurement. Temperatures were only measured
from the coal combustion campaign.
2.6. Experimental Procedure. The particle-sampling system

(cyclone and impactor) was operated for 10−30 min depending upon
the sampling position. During the heavy fuel oil combustion campaign,
the probe was inserted 100 cm from the outer wall into the flue gas.
Because the refractory lining at the inner wall has a thickness of 35 cm,
the effective insertion depth would be 100 − 35 = 65 cm. During the
coal combustion campaign, particles that were sampled from the
transfer chute were withdrawn from two sampling positions, 50 cm (i.e.,
effective insertion depth of 50− 35 = 15 cm) and 100 cm from the outer
wall at the transfer chute to investigate the influence of the insertion
depth on the PSD. When the sampling probe was inserted 100 cm into

the gas flow, the sampling point was located in the main gas flow from
the kiln. The flue gas velocity at that sampling point could be up to 30−
40 m/s at the sampling point estimated from a computational fluid
dynamics (CFD) simulation.22 When the sampling probe was inserted
50 cm into the gas flow, the sampling position was most likely located in
a recirculation zone as a result of the inner geometry in the transfer
chute, because the width of the flue gas channel increased from the kiln
to the PH zone in the transfer chute.

During heavy fuel oil combustion, three experiments were presented
and referred to as oil(100)1−oil(100)3 in the Results. During coal
combustion, four individual experiments were presented and referred to
as coal(100)1, coal(100)2, coal(50)3, and coal(50)4 in the Results.
After every measurement, the impactor and cyclone were carefully
dismounted and the impactor stages and trapped particles were stored
in small containers. Particles from the cyclone were also stored in small
containers. All 13 impactor substrates were weighed carefully with a six
decimal (0.001 mg) microbalance before and after the sampling to
determine the mass of collected particles. Particles sampled with the
cyclone were also weighed after the sampling. The impactor substrates
and cyclone particles were stored in a desiccator after samplings and
before they were analyzed chemically and physically with environmental
scanning electron microscopy (ESEM), transmission electron micros-
copy (TEM), and laser diffraction.

The temperatures of the flue gas from only coal combustion were
measured separately with the fine-wire thermocouple measurement
system on two occasions for a period of 10 min. During these
measurements, the temperature probe was inserted 100 cm from the
outer wall at the transfer chute.

2.7. Particle Characterization. Particle samples were analyzed for
morphology and elemental composition with ESEM, Philips model XL-
30, equipped with an energy-dispersive spectroscopy (EDS) detector.
The selected impactor stages 1 and 10 and cyclone particles were
analyzed with ESEM/EDS, considering that the LPI PSDs illustrated
that these impactor stages and cyclone contained significant amounts of
particles, specifically from coal combustion. Because the particle
population differs depending upon the amount of particles impacted
on the impactor substrates, more than three best-populated areas from
each selected LPI stage were analyzed with ESEM/EDS. Several EDS
area analyses (more than 10) from replicate experiments were carried
out for the selected LPI stages. Particles from the aluminum impactor
substrates and the cyclone were transferred to adhesive carbon tabs
prior to ESEM analysis. This step was necessary to avoid confusion of
the aluminum signal from the impactor substrate with that from the
collected particles. The results of the analyses are presented on a
carbon- and oxygen-free basis. Carbon tabs were used during ESEM
analysis of particles; the background signal was carbon, and it was
therefore necessary to disregard the C signal to gain representative
signals from other elements. With ESEM, there is a limitation of
obtaining a correct oxygen signal; thus, the O signal is eliminated too in
the Results.

It was observed that there was a bouncing effect of oversize Fe-rich
angular particles on LPI stage 1. Therefore, selected small areas (∼2 × 2
μm), excluding the bounced Fe-rich angular particles as much as
possible, were analyzed for LPI stage 1 average bulk elemental
composition. For LPI stage 10 and cyclone, best-populated areas (∼50
× 50 μm) were analyzed for the average bulk elemental composition. In
addition, individual particle morphology and chemical compositions
were also analyzed.

TEM, Hitachi model HT7700, was used to provide detailed
morphology of ultrafine sub-micrometer particles (<0.1 μm). Prior to
the TEM analysis, the particles collected on the impactor plates were
transferred to a copper grid with an ultrathin carbon support film.

PSDs for cyclone particles from coal combustion were analyzed using
a laser diffraction instrument CILAS 1064 liquid with a measurement
range from 1 to 500 μm. Particles were first suspended in deionized
water and stirred mechanically for even distribution; thereafter, the
particle sizes were measured with a laser according to their diffraction
patterns through a prism in the analyzer.

Figure 2. Particle-sampling system.
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3. RESULTS

During pulverized coal combustion, the measured flue gas
temperature in the main gas stream in the transfer chute between
the kiln and the PH zone varied between 1010 and 1290 °C with
an average temperature of 1160 °C.
3.1. PSD. The PSD analyzed from the 13 stages in the LPI

collected at the transfer chute during heavy fuel oil and coal
combustions are presented in panels a and b of Figure 3. Coarse
particles sampled with cyclone dominate >96% of weight of the
total collected particles mass sampled with the particle-sampling
system, while the particles collected with LPI were <4% of
weight of the total particle mass. The PSDs from heavy fuel oil
combustion (see Figure 3a) indicated a major mode at the
aerodynamic diameter Dp ∼ 0.3−10 μm, yet there was a
tendency toward a sub-micrometer mode at Dp < 0.3 μm as the
mass concentration increased slightly.
Figure 3b presents the PSDs collected from pulverized coal

combustion. The PSDs for the respective depths of insertion, i.e.,
100 cm (coals 1 and 2) and 50 cm (coals 3 and 4), showed
similar trends in the replicates. The total particle mass collected
from coals 3 and 4 was significantly larger compared to coals 1
and 2. All PSDs from both 100 and 50 cm insertion depths
indicated a major mode at Dp ∼ 1−10 μm. The PSDs of coals 3
and 4 (50 cm insertion) showed that there was a tendency
toward a small mode between 0.2 and 0.5 μm; however, this
trend was not obvious for coals 1 and 2. All PSDs from coal
combustion indicated a tendency toward a sub-micrometer
mode at Dp < 0.3 μm shown by an increment of the mass
concentration.

Particulate matter (PM) and its mass concentrations from
sampled particles were calculated and are presented in Table 3.
PMtotal was the total mass concentration sampled by the particle-
sampling system, including cyclone and impactor stages 1−13,
where PM10 was the particle mass concentration sampled in the
13 stage impactor only, PM2.5 was calculated from the particle
mass concentration in impactor stages 1−10, PM1 was calculated
from impactor stages 1−8, and PM0.3 was calculated from
impactor stages 1−5. The mass concentration of large particles
(PM > 10) dominates to a great extent compared to particles
smaller than 10 μm (PM10).
The PSD of the cyclone particles analyzed with a laser

diffraction instrument, from coal combustion with the particle-
sampling system inserted 50 cm (coals 3 and 4) into the transfer
chute, indicated that these coarse particles have a mean particle
diameter of ∼24 μm. The PSD showed that 10% of the cyclone
particles has a particle diameter of <11 μm and 90% of the
cyclone particles has a particle diameter of <38 μm. Analyses of
cyclone particles from oils 1−3 and coals 1 and 2 were not viable
because of too small amounts of particle mass.

3.2. Bulk Elemental Compositions and Morphology.
Particles from impactor stages 1 and 10 and cyclones that were
observed with ESEM/EDS from both heavy fuel oil and coal
combustions are presented in Figure 4. The average elemental
compositions (wt %) of particles on selected impactor stages and
cyclones are presented in Table 4. The results show distinct
differences in elemental compositions of the particles collected
with the impactor stages.
Independent of fuels, particles from impactor stage 1 consist

of both agglomerated ultrafine spherical particles and also some

Figure 3. PSDs from (a) heavy fuel oil combustion and (b) pulverized coal combustion with iron-ore pellets, sampled with the 13 stage LPI from a
grate-kiln production plant.

Table 3. Mass Concentrations (mg/Nm3) of PM with Respect to Total Particulate Matter (PMtotal), Particle Sizes ≤10, ≤2.5, ≤1,
and ≤0.3 (μm), and Impactor Stage 1 in the Particle-Sampling System, from Both Heavy Fuel Oil Combustion and Coal
Combustion in a Grate-Kiln Production Plant for Iron-Ore Pelletizing

mass concentration (mg/Nm3)

PM oil(100)1 oil(100)2 oil(100)3 coal(100)1 coal(100)2 coal(50)3 coal(50)4

PMtotal 5.03 × 103 1.87 × 103 3.17 × 104 6.61 × 103 8.88 × 103 2.21 × 105 2.22 × 105

PM10 53.1 76.5 206 25.1 59.8 360 334
PM2.5 41.3 69.0 171 18.9 26.1 164 166
PM1 24.4 49.5 63.1 8.6 14.8 22.4 27.4
PM0.3 16.1 20.1 16.7 5.6 9.6 9.0 12.4
PMstage 1 5.5 6.8 4.0 2.3 3.3 2.7 3.9
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angular particles (>1 μm). Particles that passed through
impactor stage 2 and impacted on stage 1 are supposed to be
in the particle size range of 0.03 <Dp < 0.06 μm. From heavy fuel
oil combustion, impactor stage 1 particles consist, apart from O,
mainly of Cl, K, Na, and S, with minor Fe, most likely in the
forms of sulfate, chloride, or oxide. On the other hand, impactor
stage 1 particles collected from coal combustion consist mainly
of Si, K, Fe, and Na (apart from O), with minor Cl and S and
traces of P, Ca, and Al.
Impactor stage 10 consists of particles with angular, spherical,

and irregular shapes (Figure 4). Particles impacted on stage 10
are supposed to be in the particle size range of 2.6 <Dp < 4.2 μm.
For heavy fuel oil, the particles consist, apart from O, mainly of
Fe, some Ca, Si, and Na, and traces of Al, Mg, S, Zn, and K.

Particles from coal combustion consist mainly of Fe, Si, and Al
(apart from O), and particles closer to the wall of the transfer
chute (coals 3 and 4 with 50 cm insertion of particle probe) also
contain notably small amounts of Mg. Particles impacted on
impactor stage 10 (with d50 = 2.6 μm) showed a major increase
of Fe in composition compared to those on impactor stage 1.
Particles sampled in the cyclone pose the chemical

composition with mainly ∼90 wt % Fe (on a O- and C-free
basis) and a small amount of Si, Al, Mg, and Ca. Most of the
particles in the cyclone were observed to have angular
morphology (Figure 4); occasionally spherical particles and
porous irregularly shaped particles were also observed.

3.3. Individual Particle Composition and Morphology.
The morphology of individual particles was observed from
impactor stage 1 with TEM; morphologies and elemental
compositions of particles from impactor stage 10 and cyclone
were observed with ESEM.

3.3.1. TEM: Impactor Stage 1 Particles. Collected particles
on impactor stage 1 from both heavy fuel oil and coal
combustions consist of many spherical individual nanoparticles.
These ultrafine particles were observed to have particle sizes in
the range of 2−30 nm, which agree fairly well with the impactor
stage 1 cutoff diameter at d50 = 0.03 μm. Many of these
nanoparticles on impactor stage 1 aggregated and formed larger
clusters that are shown in Figure 5. TEM was used to obtain the
morphological information, although it was restrained to obtain
information for elemental composition.

3.3.2. ESEM: Impactor Stage 10 Particles. Typical particles
observed from impactor stage 10 from heavy fuel oil combustion
(Figure 6) were angularly shaped Fe-rich particles and also
irregularly shaped particles that consist of Fe, Ca, Si, and O.
Spherical particles with various surface morphologies were also
commonly found on this stage. These spherical particles are
often composed of Fe, Ca, Mg, and O with varying contents of
Mn, Na, Zn, Si, K, and Cl.
There were at least four categories of typical particles (Figure

7) observed on impactor stage 10 from coal combustion with
iron-ore pellets: angular Fe-rich particles, spherical particles
(∼2−3 μm) that contain Si, Al, Fe, and O, irregularly shaped
particles that mainly consist of Si and O with relatively less Fe
and Al, and also smaller dense spherical particles (∼1.5 μm)
containing Fe, which were only observed occasionally.

Figure 4. Back-scattered ESEM images of particles from (a−c) heavy
fuel oil combustion and (d−f) coal combustion in a grate-kiln
production plant for iron-ore pellets.

Table 4. Average Elemental Compositions (in wt % with ±Standard Deviation) of Particles from Impactor Stages and Cyclones
(with Particle Diameter Dp) during Heavy Fuel Oil and Coal Combustions with Iron-Ore Pellets (on a C- and O-Free Basis)

fuel heavy fuel oil coal

stage (Dp) stage 1 (0.03−0.06 μm) stage 10 (2.6−4.2 μm) cyclone (>6 μm) stage 1 (0.03−0.06 μm) stage 10 (2.6−4.2 μm) cyclone (>6 μm)

Na 21 ± 3 3 ± 1 0 11 ± 1 1 ± 1 0
Mg 1 ± 0 2 ± 1 1 ± 1 2 ± 0 2 ± 0 2 ± 1
Al 1 ± 1 2 ± 1 3 ± 6 3 ± 0 9 ± 4 2 ± 0
Si 1 ± 0 4 ± 1 3 ± 1 28 ± 4 18 ± 8 3 ± 0
P 1 ± 0 1 ± 1 0 5 ± 2 0 0
S 15 ± 1 2 ± 1 0 6 ± 1 1 ± 0 0
Cl 26 ± 3 1 ± 0 0 8 ± 2 0 0
K 25 ± 2 2 ± 1 0 15 ± 2 1 ± 0 0
Ca 1 ± 0 6 ± 3 1 ± 0 4 ± 1 1 ± 0 1 ± 0
Ti 0 0 0 1 ± 0 1 ± 0 0
Mn 0 1 ± 1 0 1 ± 0 1 ± 0 0
Fe 6 ± 2 75 ± 10 89 ± 7 14 ± 6 65 ± 13 90 ± 1
Zn 1 ± 0 2 ± 1 0 1 ± 1 1 ± 0 0
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Irregularly shaped particles often appeared as partly fused with
similar Si-rich particles or angular Fe-rich particles.
3.3.3. ESEM: Cyclone Particles. Cyclone particles that were

commonly observed from heavy fuel oil combustion (Figure 8)
consist dominantly of angular Fe-rich particles. Irregularly
shaped particles consisting of Ca, Fe, Mg, Na, O, and Mn
were also observed close to angular Fe-rich particles.

Typical cyclone particles from coal combustion were observed
as four categories: angular particles, semi-molten particles,
spherical particles of various appearances, and porous particles.
Angular particles (Figure 9) that appeared brighter in the

back-scattered ESEM images were mainly Fe-rich, while angular
particles that appeared darker in the ESEM images were
observed to originate from the silicate mineral additive for

Figure 5. TEM images of particles from impactor stage 1 (d50 = 0.03 μm) from (a) heavy fuel oil and (b) coal combustions with iron-ore pellets.

Figure 6. Back-scattered ESEM images of particles from impactor stage 10 (d50 = 2.5 μm) from heavy fuel oil combustion with iron-ore pellets.

Figure 7. Back-scattered ESEM images of particles from impactor stage 10 (d50 = 2.5 μm) from coal combustion with iron-ore pellets.

Figure 8. Back-scattered ESEM images of cyclone particles (d50 > 6 μm)
from heavy fuel oil combustion with iron-ore pellets, consisting of
angular Fe-rich particles and irregularly shaped particles.

Figure 9. Back-scattered ESEM images of angular cyclone particles (d50
> 6 μm) from coal combustion with iron-ore pellets.
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pellets, olivine (Mg, Fe)2SiO4; despite their non-spherical
shapes, these angular particles share contact surfaces.
Semi-molten particles (Figure 10) consisted mostly of Si, Al,

Fe, and O and a small amount of Na or K, occasionally also
accompanied by Ca or P. These particles appeared to have been
melted because of their spherical droplet morphologies. They
were often found aggregated with angular Fe-rich particles
forming larger clusters. These semi-molten particles, when
expressed in oxides as SiO2, Al2O5, Fe2O3, CaO, Na2O, and K2O,
have the average normalized weight percent ratio of 41, 35, 15, 4,
3, and 2, respectively.
Ferrospheres23,24 (spherical particles in Figure 11) of various

compositions in Fe, Si, Al, and O were observed in the cyclone
particles from coal combustion. The variation of Fe, Si, and Al
resulted in different appearances of these ferrospheres. Porous

spherical particles that contain hollow spaces are known as
cenospheres (Figure 11 a, d). These porous particles composed
of Si, Al, Fe, and O exhibited a tendency to fuse themselves
together and form larger clusters (Figure 12).

4. DISCUSSION
Particles were categorized into three different modes: sub-
micrometer, first fragmentation, and second fragmentation. The
sub-micrometer mode describes particles with particle diameters
of Dp ∼ 0.03−0.06 μm from impactor stage 1. The first
fragmentation mode corresponds to particles on impactor stage
10 (Dp ∼ 2.6−4.2 μm), and the second fragmentation mode was
directed to cyclone particles (Dp > 6 μm). Characterization of
particles in chemical compositions and morphologies showed
that particles originated from both iron-ore pellets and fuel ashes

Figure 10. Back-scattered ESEM images of aggregate cyclone particles (d50 > 6 μm) from coal combustion with iron-ore pellets.

Figure 11. Back-scattered ESEM images of ferrospheres and ceno-
spheres in cyclone particles (d50 > 6 μm) from coal combustion with
iron-ore pellets.

Figure 12. Back-scattered ESEM images of porous cyclone particles
(d50 > 6 μm) from coal combustion with iron-ore pellets.
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of coal and heavy fuel oil, thus making this work more complex
than solely combustion processes.
4.1. Sub-micrometer Mode (Dp ∼ 0.03−0.06 μm). Sub-

micrometer particles collected from heavy fuel oil combustion in
the grate-kiln process consisted of Cl, K, Na, S, and Fe. On the
other hand, from the coal combustion case, sub-micrometer
particles contained Si, K, Fe, Na, Cl, and S and traces of P, Ca,
and Al. As a result of the reducing condition within the flame, the
formations of metal vapors may occur. The increment of Si, Fe,
P, Ca, and Al and the decrement of S (Table 4) in elemental
compositions from coal combustion compared to heavy fuel oil
combustion may be due to the compositional differences in fuels.
The distinct differences of Si in the particle compositions
suggested that Si in sub-micrometer size originated mainly from
the coal fuel, because Si was insignificant in the composition of
sub-micrometer particles from the heavy fuel oil combustion.
The sulfur content was relatively higher from the heavy fuel oil
combustion compared to coal combustion, although low-sulfur
heavy fuel oil was used.
Table 4 shows that alkali concentrations of K and Na are

higher on impactor stage 1 compared to stage 10 and cyclone,
indicating that K and Na are present as inorganic vapors
suspended in the flue gas. The presence of alkali vapors may be
due to three possible sources, from the fuel, pellets, and a
circulation of alkali within the grate-kiln process. During coal
combustion, the small coal mineral particles with a large surface
area will be subjected to a much higher temperature compared to
the iron-ore pellets. Therefore, the alkali in these minerals
should have a greater tendency to evaporate compared to the
minerals in the iron-ore pellets. Pellets also consist of K and Na,
which originate from the feldspar (KAlSi3O8 and NaAlSi3O8)
within the iron ore and can be released as alkali gases at high
temperature (>800 °C, estimated by equilibrium model
calculations by the authors using FactSage25), while pellets
were transported through the grate-kiln process. About 20% of
the alkali (Na and K) in iron-ore pellets is from the additive
bentonite (Na, K, Ca)0.3(Al, Mg)2Si4O10·nH2O, which serves as a
binder of the iron-ore particles within the pellets. In the grate-
kiln process, the released inorganic vapors are suspended in the
flue gas and travel in the direction from the rotary kiln to the PH
zone (Figure 1). When they follow the gas stream and forcefully
pass through the pellet bed at the TPH and PH zones (induced
by fan), a fraction of these alkalis can most likely be deposited on
the surface of the iron-ore pellets. These deposited particles (Na
and K) will then be transported together with the pellets along
the descending rotary kiln at an elevated high temperature. As
they transported nearer to the flame, the alkali gas species, which
had earlier been deposited on the pellets, can then revaporize

again because of the high temperature in the kiln. This results in
a circulation of the alkali gas species within the process.
To discuss the origin of alkali, an analysis of the alkali load in

the grate-kiln process was made. The alkali content of the iron-
ore pellets, the additive bentonite, and the different fuels was
calculated. For comparison, the alkali content in the collected
particles on impactor stage 1 was also calculated and is shown in
Table 5. The alkali load from the raw iron-ore pellets is about
630 g/ton of pellets, mainly from the alkali-containing feldspar
(KAlSi3O8 and NaAlSi3O8). Approximately

1/5 of the alkali in
the inlet iron-ore pellets is from the additive bentonite.
Bentonite has a much higher Na content compared to the K
content. The sum of input alkali (Na and K) load from coal is
about 6 g/ton of pellets for the mixture of coals A and B, which
corresponds to about 1% of the total input of alkali load from
pellets.
When the two cases of combustion were compared, it was

found that K and Na contents on impactor stage 1 were higher
during heavy fuel oil combustion compared to coal combustion
(Table 4), despite the fact that K and Na contents in heavy fuel
oil were originally lower than coal. This indicates that K and Na
vapors most likely originate from alkali in the iron-ore pellets and
the already circulated alkali gases within the process. These gases
were then condensed into sub-micrometer particles when the
particle-sampling took place. The mass input of iron-ore pellets
was roughly 100 times larger compared to the mass input of fuels
into the grate-kiln process (Table 1). Therefore, the iron-ore
pellets contribute to a significant mass input of Na and K into the
process. It is unknown exactly how much alkali gases are actually
released from the pellets in the grate-kiln production plant. Each
iron-ore pellet consists of heterogeneous grains of magnetite,
hematite, gangue minerals, and additives. However, the surface
grains on each pellet may have a higher tendency to release alkali
gases that further contribute to the alkali circulation within the
grate-kiln process. It is difficult merely based on the data from
this work to estimate and quantify the alkalis that circulate within
the full-scale grate-kiln production plant. Process disturbance
and fluctuation can certainly affect the magnitude of alkali gases
during the sampling activities, which directly affect the results.
More full-scale measurements are required to understand this
phenomenon better.
A previous study of sub-micrometer ash from coal

combustion14 showed that Fe existed as fume particles (<0.3
μm) in coal ash. Although Fe2O3 was used as the chemical
formula to express the presence of iron in sub-micrometer fume,
it was not clear whether Fe was in the form of oxides or other
compounds (Fe, FeO, as sulfates, or other forms). The presence
of fine dust from iron-ore pellets in the grate-kiln process
complicated this work; the Fe in sub-micrometer mode

Table 5. Alkali (Na and K) Load in the Grate-Kiln Process from Raw Materials and Amount of Alkali in Collected Particles on
Impactor Stage 1, Given in Grams Per Ton of Pellets

oil coal

raw materials mass Na (g/ton of pellets) mass K (g/ton of pellets) mass Na (g/ton of pellets) mass K (g/ton of pellets)

pellets 300 330 300 330
bentonite 110 20 110 20
coal A 0.51 2.56
coal B 0.26 3.17
oil 0.17 0.01

collected particles post-combustion of oil post-combustion of coal
impactor stage 1 0.75 0.90 0.23 0.31
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(impactor stage 1) can originate not only from fume particles but
possibly also from the bounced oversize Fe-rich angular particles
from an upper impactor stage to a lower impactor stage.
Although the result analyses of sub-micrometer particle
compositions were executed carefully to exclude the bounced
Fe as much as possible, this may still not totally exclude the
neighboring bounced Fe particles because of the limitation of the
ESEM/EDS method, which may also pick up neighboring
signals around the analyzed small areas of particles.
4.2. First Fragmentation Mode (Dp ∼ 2.6−4.2 μm). In

the first fragmentation mode, there were major increases of Fe-
rich particles (ca. >65 wt %), which appeared as angular particles
that originated from the smaller fragments of iron-ore pellets, as
seen in panels b and e of Figure 4. The average compositions in
this mode correspond to impactor stage 10 in Table 4. The back-
scattered electron ESEM images showed these Fe-rich angular
particles as brighter particles compared to the neighboring
particles as a result of the higher density of the particles.
The main differences between particle compositions from

heavy fuel oil and coal combustions were the secondary
components other than Fe as the primary component.
Secondary components from the heavy fuel oil combustion
were mainly Si, Ca, and Na, while Si and Al were the result of
coal combustion. Unlike coal, heavy fuel oil does not contain
significant extraneous or included mineral matter, and it is less
likely for the interaction of volatile metal species and non-volatile
minerals to occur within the heavy fuel oil droplets.26 The
majority of fly ash particles from fuel oil combustion is generally
<1 μm in diameter, although larger particles can be formed as a
result of poor carbon burnout.26 In other words, heavy fuel oil
combustion in oxidizing conditions does not generate significant
amounts of larger fly ash particles. However, a small fraction of
larger ash particles (2.6−4.2 μm) from heavy fuel oil was
observed in this work. These ash particles were revealed by their
S and Na contents with spherical, cloudy, or spongy
morphologies and a high variability in composition of Mg, Si,
Ca, Fe, and Al; similar ash particles were found in previous
research on an oil-fired power plant.27,28 Therefore, Si and Ca as
secondary components from heavy fuel oil combustion in this
particle mode most likely originated from the additives (e.g.,
quartz and calcite) from the iron-ore pellets and only a minor
fraction from ash particles of heavy fuel oil.
In the case of coal combustion, these secondary ash particles

in this mode can be formed by transformation of coal minerals
containing Si, Al, and Fe; the spherical particles revealed that
they have gone through a melt phase as droplets. During coal
combustion, the carbonaceous materials diminish and char
particles fragment into smaller particle sizes, while inorganic
species coalesce and form coarse particles of approximate size
range of 1−30 μm.12,29 These coarse particles are further
discussed in the following second fragmentation mode.
4.3. Second FragmentationMode (Dp > 6 μm).Themost

abundant particles captured with the particle-sampling system
from both combustion cases were coarse particles (Dp > 6 μm)
that consist of Fe, followed by a small extent of Si and Al and
traces of Mg and Ca (Table 4). The significant amount of these
coarse particles implies their existence in the high-temperature
grate-kiln process as pellet dust. These particles mainly originate
from the iron-ore pellets, entrained in the gas stream in the
transfer chute, where particle sampling took place. Large semi-
molten particles were also captured by the cyclone (Figure 10)
and have 2−3 times higher K and Na contents than the porous
particles (Figure 12). These semi-molten particles appeared

sticky and facilitate the formation of clusters that consist of both
semi-molten particles and pellet dust, eventually resulting in
deposit formation within the process.
The formation of alkali-containing semi-molten particles can

originate from different dust components in the process gas.
These alkali-containing semi-molten particles (Figure 10) can
originate from pellet dust, the coal mineral illite, or the reaction
between aluminosilicate particles with the volatile alkali.
Aluminosilicate ash particles are transformed from the coal
minerals kaolinite Al2Si2O5(OH)4 and illite (K, H3O)(Al, Mg,
Fe)2(Si, Al)4O10[(OH)2, (H2O)] during combustion.30−32

Kaolinite and illite transform to mullite 3Al2O3·2SiO2 in the
temperature range from 1100 to 1400 °C under oxidizing
conditions in the grate-kiln production plant. Consequently,
mullite can react with K2O and form kalsilite (K2O·Al2O3·2SiO2)
and/or leucite (K2O·Al2O3·4SiO2). This phenomenon was also
observed in the refractory lining material in the rotary kiln wall
when mullite interacts with potassium.5 During coal combustion,
because K is contained almost exclusively in illite, it will most
likely be retained in the aluminosilicate particles and form
molten slag droplets.33

Semi-molten particles may also be formed by the reaction of
circulated alkali with coarse particles, forming regions of phases
with low melting points. A previous study showed that the
presence of alkali can lower both the melting and sintering
temperatures of coal ash particles.34

4.3.1. Coal Combustion. A viable reaction of Si- and Al-rich
clay minerals with alkali gases can occur in the high-temperature
environment of the grate-kiln process. During pulverized coal
combustion, kaolinite transforms to metakaolinite Al2O3·2SiO2
when the temperature exceeds 450 °C. Metakaolinite in its
unstable form can react with alkali (K in this case) and form
kalsilite KAlSiO4 and leucite KAlSi2O6. Kaolinite can be used to
capture alkali (K and Na) species in the process flue gas, as
previously shown.35−38 Because K and Na belong to the same
chemical group, although K has higher reactivity, similar
reactions can occur for Na with Al- and Si-rich minerals, which
are also shown in the literature.39−41

Ferrospheres observed in Figure 11 are formed from the
mineral transformation of Fe-containing minerals (e.g., pyrite
and siderite) during coal combustion. Dependent upon the
oxidizing condition and resident time during combustion,
magnetite or hematite is crystallized out of the Fe-containing
mineral melt.42−44

Porous particles in Figure 12 appeared as partly fused with
similar particles or angular Fe-rich particles captured by the
cyclone in the particle-sampling system. During coal combus-
tion, minerals undergo transformations; porosity develops
because of the loss of hydroxyl groups in the minerals and
forms cenospheres.30 Coalescence of melted minerals can occur
and result in a larger particle size of the agglomerates compared
to their original spherical size; this specific phenomenon is also
shown in Figure 12a.

4.3.2. Oil Combustion. In this mode, particles generated from
heavy fuel oil combustion were observed to have cloudy, spongy,
“wiffle ball”, or cenosphere morphologies with the approximate
size range of 10−20 μm (Figure 8). These particles are highly
variable in their composition among the detected elements Al, Si,
Ca, Fe, Mg, Mn, Na, and O. Metals in oil are generally inherently
bound within the organic molecule. Inherently bound metals are
not necessarily volatile during combustion;29 it was previously
shown that the non-volatile elements in the heavy fuel oil can
contribute to the residual super-micrometer particles.45
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4.4. Measurement Method. When the particle probe was
docked 50 cm into the transfer chute, there were relatively higher
mass concentrations of sampled particles compared to when the
particle probe was docked to a depth of 100 cm. This could be
due to the flue gas velocity close to the wall being lower
compared to the flue gas velocity close to the center in the
transfer chute. When the particle probe was docked halfway into
the transfer chute, circulating stream of flue gas close to the wall
can contribute to an increased amount of particles sampled. On
the other hand, when the particle probe was docked all of the
way into the transfer chute, the high speed of flue gas might
hinder the traveling particles from being captured by the particle-
sampling system; thus, an extended sampling time was required
to obtain a significant amount of particles.
The grate-kiln process where sampling took place was a full-

scale industrial plant with continuous production of iron-ore
pellets. Because of the limitation of the sampling location at the
transfer chute, particles that travel with the gas stream were not
isokinetically withdrawn by the particle probe. However, it will
be of interest in future work to carry out isokinetic particle
measurements with a 90° bent tip probe at the transfer chute for
comparison to the present work. During particle sampling, the
particle probe tip was aligned perpendicular to the main flue gas
direction (Figure 2). Particles that managed to escape from the
particle probe followed the main flue gas direction and
continued their journey to the PH zone in the grate (Figure
1); thereafter, the flue gas passed through the pellet bed and
exited the PH zone. Particles that entered the particle-sampling
system were studied in this work, with respect to their
aerodynamic diameters, chemical compositions, and morphol-
ogies. The aerodynamic diameter was used to describe the
particle size, although the actual particle diameter may be smaller
than its equivalent aerodynamic diameter, because of the higher
density of the actual particle when compared to its aerodynamic
equivalent particle (resembles the density of the water droplet of
1 g/m3).20

To summarize, particles characterized in this work showed
that there were significant amounts of coarse iron-ore pellet
particles in the grate-kiln production plant, together with fly ash
from fuels and alkali gases (K and Na). In the process, these
particles interact and cause deposit formation in the grate-kiln
production plant. The results give an overview of these particles
in terms of chemical compositions and physical morphologies.
This work is an important contribution toward acquiring an
understanding of particle formation mechanism in the grate-kiln
process.

5. CONCLUSION
Characterizations of particles sampled from the transfer chute in
the grate-kiln process were carried out. Fuels that were used for
combustion were heavy fuel oil and coal. The particle-sampling
experiments were carried out simultaneously during the
production of iron-ore pellets. (1) Particles in the grate-kiln
process consist primarily of particles that originate from iron-ore
pellets and secondarily of ash from fuels. (2) The presence of
alkali vapors in the grate-kiln production plant can be due to
three possible sources, from the fuel, pellets, and a circulation of
alkali within the process. It is complex to quantify the alkalis that
circulate within a full-scale grate-kiln production plant. Other
than the variability of alkali-containing feldspars in the mined
iron ore that contribute to the release of alkali vapors, process
disturbance and fluctuation can also affect the magnitude of
circulating alkali gases within the process. Additional full-scale

measurements and further study are therefore recommended to
better understand this phenomenon. (3) Particles in sub-
micrometer mode with particle size Dp ∼ 0.03−0.06 μm consist
of Na, K, and O for both cases of combustion. From coal
combustion, they also consist of Si, Fe, and Cl and traces of S, P,
and Ca. From heavy fuel oil combustion S and Cl and traces of
Fe were also present in sub-micrometer particles. According to
their sizes, these particles were most likely in the gas phase in the
high-temperature process. (4) The first fragmentation mode
with particle size Dp ∼ 2.6−4.2 μm contained a significant
amount of fines from iron-ore pellets and fly ash particles from
fuels. In addition to the main fraction of Fe-rich angular particles
from iron-ore pellets, another fraction of particles in this mode
was composed of either Si, Al, Fe, and O from experiments with
coal combustion or Ca, Si, and O from experiments with heavy
fuel oil combustion with iron-ore pellets. (5) The majority (>96
wt %) of the particle mass that was captured by the particle-
sampling system was coarse particles with size Dp > 6 μm that
constitutes the second fragmentation mode. These particles
consist of (on an oxygen-free basis) ∼90 wt % Fe, 2−3 wt % Si
and Al, 1−2 wt % Ca and Mg for both cases of combustion with
iron-ore pellets.
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ABSTRACT: Buildup of deposit material in chunks on refractory linings caused by combustion of various fuels is a well-known
problem. This study characterizes the short-term deposits on refractory material in a grate−kiln process, carried out through in
situ measurements using a water-cooled probe with a part of a refractory brick mounted in its end. Sampling was carried out
during combustion of both oil and coal. A significant difference in deposition rates was observed; deposition during oil firing was
negligible compared to coal firing. The deposits are mainly hematite particles embedded in bonding phase, mainly comprising Si,
Al, Fe, Ca, and O. Moreover, it was found that the prevailing flue-gas direction determines the formation of the deposits on the
probe and that inertial impaction controls the deposition rate. However, this rate can also be affected by the amount of air-borne
particles present in the kiln.

1. INTRODUCTION

Iron ore is one of our most important natural resources, with
∼1600 Mt mined in 2010.1 Almost all (98%) of the mined iron
ore is used in steelmaking.2Mined iron ore can be used directly as
lump ore or converted to, e.g., pellets to be reduced either by
direct reduction or in a blast furnace. During 2010, 25% of mined
iron ore was converted into pellets.1 During the pelletizing
process, the iron ore is first crushed into a powder and, in a moist
condition, mixed with additives and a binder. Thereafter, the
concentrate is filtered to around 9% humidity and balled into
green pellets, 9−15 mm in diameter. These are subsequently
sintered to pellets in an induration furnace.3,4 The two most
common processes used for pelletizing today are the traveling
grate [most often used for hematite (Fe2O3) ores] and the
grate−kiln process [most often used for magnetite (Fe3O4)
ores]. The traveling grate process uses a stationary bed of pellets,
which is transported through the entire process, including zones
of drying, oxidation, sintering, and cooling. The grate−kiln
process (which is the focus of this work) uses a shorter grate, with
part of the oxidation and sintering taking place in the kiln. The
kiln is a rotating furnace that achieves a more homogeneous
induration of the pellets.5 The total residence time of the pellets
in a grate−kiln furnace is around 30 min; it takes another 40 min
to travel through the cooler. Times vary from plant to plant, as
the dimensions and rates differ among plants.
Rotary kilns were originally developed for the production of

Portland cement during the late 19th century. Besides cement
production, rotary kilns are used for drying or sintering in many
different applications, e.g., lime regeneration or refinement and
processing of raw minerals, such as iron ore. Kiln design varies
with application,6 and they can be classified in groups, such as (1)
wet kilns that are usually fed with slurry materials, which have

lengths on the order of 150−180 m and are commonly used as
lime mud kilns, (2) long dry kilns, which have lengths on the
order of 150−180 m and are commonly used in the cement
industry, and (3) short dry kilns, which have lengths on the order
of 15−75 m, are usually accompanied with an external preheater
(e.g., a roaster grate), and are commonly used in the refrainment
of metal ores.
Within pelletizing of iron ore, the refractory linings in the kilns

most often take the form of bricks. A burner is located at the
outlet of the kiln, and the primary fuel is usually coal. However,
fuel oil is used as a startup fuel and when problems with coal
supply arise.
During production of iron-ore pellets, deposits frequently form

on the walls of the induration machine, especially in the hot part
(in the end of the grate, in the transfer chute, in the kiln, and in the
beginning of the cooler). Because the depositsmay disturb the flowof
both gas and pellets through the kiln, operational problems that
reduce the production rate frequently occur in grate−kiln systems.
Accumulations of deposits cause disturbance in the production of the
iron-ore pellets because the flows are affected by the deposit layer,
occasionally causing unscheduled plant shutdowns. Furthermore, it
has beenobserved that buildups of deposits in rotary kilns for iron-ore
pellet production not only cause mechanical strains but degrade the
refractory liners over time by corrosion.7

Deposition of particles (fly ash) on walls (called slagging if the
formation of material is fused or sintered on linings and
equipment subjected to radiant heat exchange and fouling if the
material is in the non-radiant convective heat-transfer portion at
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temperatures below the melting temperature of the bulk coal ash8) is
well-known during pulverized coal combustion in power plants.9 Fly
ash from coal combustion is produced by two mechanisms, resulting
in a bimodal particle size distribution.10−15 The bulk of the mineral
matter is transformed into large ash particles, 0.5−20 μm in diameter,
produced by fusion of mineral matter on the surface of the burning
char particles. Smaller particles, <0.5μm in diameter, are produced by
volatilization and recondensation of a small part of themineralmatter
(fume particles). Particle deposits are thereafter built up when the fly
ash particles hit thewalls in the furnace by inertial impaction, diffusion
of fume, condensation, and chemical reactions.9,16 Inertial impaction
is the phenomenon that occurs when a particle with sufficient inertia
traverses a gas stream line and impacts a surface. This tends to occur
where the flow direction changes and depends upon target geometry,
particle size and density, and gas flowproperties.16Thermophoresis is
the phenomenonbywhich particles are transported in a gas as a result
of local temperature gradients. Under certain conditions, thermopho-
retic deposition accounts for a dominant fraction of the sub-
micrometer particulate on a surface.16 Fume particles may adhere to
and vapors may condense on refractory linings and react chemically.
Alkali vapors, in particular, are known to cause spallation and
corrosion by chemical reactions.17

In comparison to ordinary powder coal combustion processes,
the situation in a grate−kiln plant is more complicated, because
in addition to the fly ash, particles from disintegrated iron-ore
pellets are also entrained in the gas flow, which, together with the
fly ash, contribute to the formation of deposits. Limited
information is available in the literature about this complex
system. One hypothesis is that the fly ash acts as bondingmaterial
between iron-ore particles in the deposits.
This phenomenon of buildup of deposits on the refractory

lining in rotary kilns for iron-ore pellet production is not limited
to coal combustion. Jiang et al.18 studied the buildup of deposits
in a rotary kiln for iron pellet production in Hunan, China, using
heat produced from natural gas. The main buildup of deposits
occurred in a ring located 11 m from the outlet of the 33 m long
kiln. The concentration of phases present in the deposited
material varied slightly along the length of the kiln and comprised
82−85% hematite. Other phases present in concentrations
between 1.5 and 6%were magnetite, calcium fayalite, magnesium
ferrite, quartz, and a glassy phase. It was also observed that
deposits formed more rapidly and were sintered and densified to
a greater extent at elevated temperatures.
Furthermore, in situ sampling has been carried out in a grate−

kiln plant for iron-ore pellet production at Kobe Steel.19 Particles
in the transfer chute between the grate and the kiln were
collected using a water-cooled copper plate. These measure-
ments were performed because it was observed that deposition
increased when the heat supply to the plant changed from fuel-oil
combustion to coal combustion. With their measuring equipment,
they investigated the amount of ash adhering to the detection bar,
the density of the deposits, coal properties, such as fine coal particle
size, ash content, proportion of pulverized ore in the preheated
pellets, and the operating conditions, such as kiln off-gas
temperature. It was observed that even if the same type of coal
was fired, the amount of deposit varied with operating conditions.
The major elements in the deposits were Fe, Al, and Si.19

This paper is the second part of an ongoing study. The overall
goal of the work performed in the research group at Lulea ̊
University of Technology (LTU), Luossavaara-Kiirunavaara
Aktiebolag (LKAB), Energy Technology Centre (ETC), and
Umea ̊ University (UmU) is to investigate the formation of
deposits during production of iron ore in a grate−kiln induration

furnace to improve the understanding of the formation
mechanism of the deposits. Producers of iron-ore pellets could
use the results to minimize the formation of deposits and
ultimately increase the production rate of pelletized iron ore. To
address these issues, an experimental approach that includes
measurements on a full-scale grate−kiln induration furnace was
chosen (LKAB No. 2, Kiruna, Sweden).
In the first part of this work, particle formation mechanisms

(the first step in deposit formation) during production of iron-
ore pellets were investigated (10.1021/ef400973w). In this
study, particle samples were withdrawn from the transfer chute
between the grate and the kiln with the help of a dilution probe.
Independent fuel (coal or fuel oil), the results showed that the particle
size distribution was trimodal (as shown in Figure 1). In comparison

to the other distributions, the first mode (sub-micrometer particles,
<0.5 μm) has relatively high concentrations of alkali metals (Na +K),
Cl, S, P, and O. However, during coal combustion, it also contained
significant amounts of Si and Fe in particular. The first fragmentation
mode mainly comprised Si, Al, and Fe (apart from O). The second
fragmentation mode almost entirely comprised Fe (apart from O),
with limited amounts of other metals. From that investigation, we
suggested that particles <0.3 μmwere produced frommineral matter
that had been vaporized during combustion of the fuel (Fe, Si, Na, K,
S, andCl) or originated from the binder additive (Na from benonite)
or feldspar in the iron ore (Na and K). The first fragmentation mode
was produced from both fly ash particles and iron-ore fines. The
second fragmentation mode was mainly produced from larger iron-
ore fines entrained in theflue gas, but a limited amount of fly ash from
the coal was also found. The particles in the flue gas were totally
dominated by iron-ore fines because the second fragmentationmode
contributed to 99% of the total mass of collected particles.
In this paper, the focus is on the deposition process itself.

Short-term deposits were collected on uncooled refractory plates
installed in the transfer chute between the grate and the kiln (the
same location where the particle samples were taken in the
previous paper; 10.1021/ef400973w). The objectives of this
study were to characterize the formation of short-term deposits
(collected in situ in a grate−kiln process) through determination
of the chemical composition and microstructure, to obtain
information about the deposit formation mechanisms in a grate−
kiln plant for iron-ore pelletizing.

2. MATERIALS AND METHODS
2.1. Description of the Grate−Kiln Plant. The grate−kiln plant

studied was the LKAB No. 2 installation in Kiruna, Sweden. The length
of the grate furnace is 52.6 m. Wet green pellets are loaded on the

Figure 1. Schematic of the particle size distributions in the flue gas
collected in the transfer chute between the grate and the kiln.
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traveling grate, which brings them through the different drying zones.
The grate is divided into four zones: updraft drying (UDD), downdraft
drying (DDD), temperate preheat zone (TPH), and preheat zone (PH).
The grate feeds the kiln by discharging pellets in the transfer chute; the
pellets descend in the kiln because there is a difference in height of∼5m.
The kiln rotates clockwise (observed from the outlet) at approximately
2 rpm and is tilted 3° to the horizontal plane such that the pellets travel
more easily toward its outlet, with a helical movement. It has a length of
33.2 m, and an inner diameter of 5.64 m at the inlet (where the feed
enters), and 5.04 m at the outlet. The kiln is lined with two types of
refractory bricks: one based on bauxite and the other based on chamotte.
Estimated temperatures in the kiln are ∼1200 °C at the inlet, while in the
warmer burner zone, the temperature may reach ∼1400 °C. For a more
detailed description of the plant, see Jonsson et al. (10.1021/ef400973w).
2.2. Materials. Pulverized coal is the major fuel used for combustion

in the kiln during normal operation, while fuel oil is used during the
startup of the process and when problems with coal supply arise.
Experiments were carried out betweenMay 17 and 20, 2010 during firing
oil combustion and between September 13 and 16, 2010 during pulverized
coal combustion. However, during sampling carried out with coal
combustion, there had recently been a maintenance stop in the plant,
where all deposit material had been removed from the refractory lining and
equipment.Moreover, because there can be fluctuations in full-scale industrial
processes during operation, several samplings were carried out with the
deposition probe. A summary of operating conditions is shown in Table 1.

Notable is the difference in pellet production rates (see Table 1)
during themeasurement campaign. Less exothermal energy was released
from the magnetite oxidation during sampling with fuel oil combustion.
Kiruna pellet blast furnace acid (KPBA) is the product name of a blast

furnace pellet produced in Kiruna, Sweden, designed for use together
with sinter. Quartzite (mainly quartz, SiO2), dolomite [(Mg,Ca)CO3],
and limestone (mainly calcite, CaCO3) are added to the KPBA pellet, to
act as slag formers during ironmaking. Kiruna pellet blast furnace olivine
(KPBO) is an olivine fluxed blast furnace pellet, produced in Kiruna,
Sweden, also with the addition of limestone. The olivine used is
forsterite (2MgO·SiO2). Moreover, the clay mineral bentonite is used as
a binder in both types of pellets, because of its high affinity for water. The
concentration of additives used is 3−3.5%, and the concentration of the
binder is 0.5−0.7%.20 Chemical analyses of fuels used and pellets
produced during sampling are shown in Table 2. During sampling with
coal combustion, a mixture of 70% coal A (Clarence metropolitan,
Australia) and 30% coal B (Bachatsky, Russia) was used.
2.3. In Situ Sampling. Sampling was performed in situ through a 3

in. inspection port in a hatch, situated in the transfer chute between the
grate and the kiln. An adapter was used for docking the Ø 48.3 mm
probes (temperature and deposition) in the port. The location of
sampling was chosen to be in a zone that usually contains much deposit,
where an inspection port is available.
2.3.1. Temperature Probe. The flue-gas temperature was measured

using an uncoated 50 μm fine S-type wire thermocouple (Pt and 90%
Pt−10% Rh), inserted in an uncooled hollowed ceramic (Al2O3) holder
with a length of 100 mm. This was mounted in a water-cooled probe
made out of stainless steel (EN 1.4436). The temperatures were
measured on two occasions, 3 days apart (September 13 and 16, 2010),
over periods of 10 min each. Figure 2 shows the experimental setup for
the temperature probe.

2.3.2. Deposition Probe. Particles were collected on a refractory brick
plate mounted at the end of the deposition probe. The last 10 cm of
the probe (closest to the brick plate), which was not water-cooled, was
made out of stainless steel (EN 1.4835). The remainder of the probe,
which was water-cooled, was made out of stainless steel (EN 1.4436).
The probe was fully docked during sampling, to a depth of 1 m. The
temperature was measured in the non-cooled part of the probe
(protected from radiation), using a 1.5 mm K-type thermocouple. The
refractory brick plates were machined to sizes of 38 × 47 mm, with a
thickness of 5 mm. The brick used was produced from a basis of
chamotte by Höganas̈ Bjuf AB (Bjuv, Sweden). In terms of the most
stable oxides based on data from the producer, the bricks comprised∼58
wt % Al2O3, ∼36 wt % SiO2, 2.1 wt % TiO2, 1.4 wt % Fe2O3, 0.3 wt %
CaO, and 1.3 wt % alkali. Such chemical compositions are normally used
for the refractory liners in rotary kilns for iron-ore pellet production.
During the manufacture of the brick, predominantly mullite and
corundum are formed. However, the brick also contains traces of other
oxides, e.g., cristobalite and quartz. The brick plates were attached to the
probe with an asphalt/silicone-based sealant and, thereafter, inserted in
the furnace for sampling. The brick plates were not weighed before and
after sampling, because the primary focus was to determine the chemical
composition and the microstructure of the deposits. Moreover, because

Table 1. Operating Conditions during Sampling in the
Grate−Kiln Plant

dates of experiments May 17−20, 2010 September 13−16, 2010
fuel fuel oil coal
type of iron-ore pellets KPBA KPBO
fuel flow rate (ton/h) 3 4.3
pellet inlet mass flow
rate (ton/h)

410 554

pellet outlet mass flow
rate (ton/h)

365 492

Table 2. Chemical Compositions of Coal, Fuel Oil, and Two
Types of Iron-Ore Pellet

fuel/pellets coal A coal B fuel oil KPBA KPBO

Proximate Analysis (wt %, As Received)
volatile matter 20.96 18.36 99.8
fixed carbon 60.34 65.74
moisture 6.0 9.1 0.1 10.98 11.19
ash/minerals 12.7 6.8 0.023 89.02 88.81

Ultimate Analysis (wt %, Dry)
C 74.6 80.7 85.3
H 3.9 4.2 11.3
N 1.4 2.1
O (by difference) 6.26 5.17 3.172 30.59 30.60
Cl 0.01 0.02 0.005 <0.002 <0.002
S 0.33 0.31 0.2 <0.001 <0.001
effective heating
value (MJ/kg)

29.34 31.69 41.10 0.51a 0.51a

Major Mineral Matters (wt %, Dry)
Si 3.63 1.99 <0.001 1.22 0.98
Al 2.14 1.08 0.0008 0.12 0.12
Fe 0.21 0.40 0.0016 67.21 66.91
Ca 0.09 0.29 0.0015 0.39 0.33
K 0.05 0.12 0.0001 0.03 0.03
Mg 0.03 0.11 0.00027 0.31 0.90
Mn 0.01 0.01 0.000017 0.06 0.06
Na 0.01 0.01 0.0023 0.03 0.03
P 0.05 0.01 <0.0001 0.025 0.025
Ti 0.07 0.04 0.00003 0.09 0.09
Ba 0.03 0.01 0.00027
V 0.0009 0.11 0.11
Ni 0.0012 <0.03 <0.03
Zn 0.0002 <0.003 <0.003
Cu 0.00001 <0.001 <0.001
Cr 0.000005 <0.005 <0.01

Key Ratios
Ca/Si 0.02 0.15 0.32 0.34
Mg/Si 0.008 0.06 0.25 0.92
Ca/Al 0.04 0.27 3.25 2.75
Ca/Fe 0.43 0.73 0.006 0.005
Si/Fe 17.3 5.0 0.02 0.01
aCalculated on the basis of the exothermic energy released from the
oxidation of Fe3O4.
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the brick and deposit materials are brittle, they fall apart easily when
removed from the probe, and because traces of the sealant stick to

its back face, it was not suitable for weighing. The setup is shown in
Figure 3.

Figure 2. Experimental setup for the temperature probe.

Figure 3. Experimental setup for the deposition probe used for in situ samplings.
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The images in panels a−c of Figure 4 show (a) the mounted
refractory brick plate prior to sampling, (b) the probe docked in the
inspection port during sampling (as seen from the outside), and (c) the
probe seen from an inspection hatch, from the side opposite to where
the probe was inserted. The probe is marked with an arrow; it is seen that
the uncooled end glows more radiantly. The glowing pellets that fall
from the grate into the kiln and their direction are marked with smaller
arrows. The flue gas direction is opposite this. Between falling pellets, an
outgrowth of deposited material that glows less is seen.
To verify the influence of flue gas direction on deposit formation, the

probe was turned to different angles during different samplings (Figure 5),
as seen from the direction from which it was inserted.
Three samplings were carried out during oil combustion, and four

samplings were carried out during coal combustion. However, during
three of the samplings with coal combustion, refractory brick plates were
attached on both sides of the probe, so that one plate was tilted toward
the wind side and the other plate was tilted toward the lee side.
Therefore, results are presented from seven samplings from coal
combustion. The conditions for each sampling are shown in Table 3.
2.4. Analysis Techniques. 2.4.1. Scanning Electron Microscopy

(SEM). The material deposited on the deposition probe and the
interaction zones between deposits and refractory liners were
characterized using a scanning electron microscope (JEOL JSM-6460)
equipped with energy-dispersive spectroscopy (EDS, Oxford Instru-
ments, INCA software). All micrographs were recorded under low

vacuum, using a backscattered electron detector with compositional
contrast; i.e., heavier elements appear brighter such that that chemical
composition can be discriminated. Samples were cast in an epoxy mold,
polished down to 0.25 μm using a diamond slurry, prior to microscopy.
Quantitative EDS results are all shown normalized, in weight percent,
and on a carbon- and oxygen-free basis, to better be able to compare the
quantities of relevant elements.

2.4.2. X-ray Diffractometry (XRD). XRD was carried out using a
Siemens D5000 X-ray diffractometer running in the Bragg−Brentano
geometry, using Cu Kα radiation. Diffractograms were recorded, one
over a 2θ interval of 10−90° and the other (with a shorter step length)
over a 2θ interval of 19−37°.

2.4.3. X-ray fluorescence (XRF). The elemental compositions of
deposit materials were determined by XRF spectroscopy using a
PANalytical MagiX instrument (SuperQ software), at the laboratories of
LKAB. Analyses were carried out on deposits from the second and sixth
samplings performed during coal combustion. Only during these two
samplings was enough material for XRF analysis deposited on the probe
(4 g). The materials analyzed were mechanically removed from the
probe. Prior to analysis, the materials were first transformed to fused
beads in a Herzog HAG 12 inductive fusion machine. Analyses were
carried out using rhodium X-ray radiation with flow proportional
counters for Na, Mg, and Al and a scintillation counter for all other
elements, over a 2θ interval between 22° and 145°.

3. RESULTS

3.1. General Observations. 3.1.1. Temperature Probe:
Temperature Measurement and Deposition. The flue gas
temperature measured with the fine wire thermocouple during
coal combustion fluctuated rapidly, because of turbulent flue gas
flows, and varied between 1010 and 1290 °C, with an average
temperature of 1160 °C (also shown in Table 4). After only
10 min in the kiln, the ceramic part of the thermocouples was
deposited with material, such that an aerodynamic plume was

Figure 4. (a) Mounted refractory brick plate prior to sampling, (b) probe seen from the outside during sampling, and (c) probe seen from an inspection
hatch on the opposite side to where the probe is inserted.

Figure 5. Schematic showing how the refractory plate was turned from
vertical during different samplings with the deposition probe.

Table 3. Conditions for Different Samplings Carried out with the Deposition Probea

sampling
number

time of
installation

exposure time
(h) degrees tilted, clockwise from vertical note

Oil Combustion
oil 1 20100518 16:15 2/3 (short) 0° (as in Figure 4, perpendicular to wind

direction)
oil 2 20100519 08:45 4 (medium) 45°
oil 3 20100519 13:30 10 (long) 0° stop in the production after 10 h (probe was docked in for 10 more

hours during cooling)
Coal Combustion

coal 1 20100913 17:20 16 (medium) 45°
coal 2b 20100914 19:00 14 (medium) 0°
coal 3 20100914 19:00 14 (medium) 180°
coal 4 20100915 09:40 2/3 (short) 0°
coal 5 20100915 09:40 2/3 (short) 180°
coal 6b,c 20100915 10:50 22 (long) 45° high concentration of airborne particles led to disturbance in production
coal 7 20100915 10:50 22 (long) 225°

aAll samples were characterized by SEM. bDeposit material from these samples were characterized by XRF. cDeposit material from this sample was
characterized by XRD.
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formed on the wind side of the thermocouple. No significant
deposition of material was observed on the lee side.
3.1.2. Sampling with the Deposition Probe.Three samplings

were carried out during oil combustion, and seven samplings
were carried out during coal combustion, with the particle
deposition probe. Temperatures measured with the deposition
probe (with an internal thermocouple), approximated deposit
thicknesses from each sampling (an average thickness was
estimated with the scale bar in the microscopes software at
thicknesses less than 1mm and with a caliper for a deposit thicker
than 1 mm), and general observations are shown in Table 4.
Temperatures measured during fuel oil and coal combustion

differ by about 100 °C. Moreover, there is a temperature
difference of ∼100 °C between that measured with the
deposition probe and that measured with the temperature
probe (both measured during coal combustion), where the
temperatures measured with the temperature probe were ∼100 °C
higher. Even though sampling was carried out at the same location,
the conditions fluctuate over time in such a full-scale industrial
process. Figure 6a shows the probe after the second sampling during
coal combustion, and Figure 6b shows the refractory brick plate with
deposits (removed from the probe) from the sixth sampling during
coal combustion.
3.2. Elemental Compositions. 3.2.1. EDS Analyses.

Quantitative EDS analyses were carried out on the bulk of the
deposited material on thermocouples and on material deposited
on the deposition probe, when sufficient material was present.
Data are shown from both thermocouples and the deposition
probe in Table 5, presented on an oxygen- and carbon-free basis
and normalized to 100%. Only in the third sampling from oil
combustion was enough material collected. During coal
combustion, enough material was collected in samplings 1, 2,
4, and 6, i.e., samplings with the refractory plate tilted toward the
draft direction. Insufficient material was collected in the
samplings with the refractory plate tilted toward the lee side.
Analyses were carried out on the bulk of the deposit material on
areas of∼1 mm2. Analyses from deposits on thermocouples were
performed by area analysis of the full deposit, while data from the
deposition probe are average values from several area analyses.
3.2.2. XRF Analyses. The chemical analyses of the deposit

material from second and sixth sampling during coal combustion
are shown in Table 6. Results from the deposit materials are all
presented without oxygen and carbon and normalized to 100%.
Both the deposit materials tested comprised mainly Fe, Si, Al,

and Ca (apart from O).
3.3. Microstructural Characterization and Phase Eval-

uation. 3.3.1. Temperature Probe: Deposition on the Probe.
After only 10 min in the kiln during coal combustion, the
thermocouples were deposited with material, as shown in panels
a (thermocouple 1) and b (thermocouple 2) of Figure 7. An
aerodynamic plume was formed on the wind side, so that new
material was transported away by the passing flows. This plume
was particularly developed in the second measurement (T2,
Figure 7b). Most of the material deposited on the surface of the
thermocouples was in the form of fine-grained hematite, in what
appears to be a non-crystalline iron-rich alumina silicate. This
phase appears to be homogeneous: no crystalline particles were
observed in it, apart from inclusions of hematite. This phase
appears to have been molten or partially molten, as pores and
voids are filled (Figure 7a). It can also be assumed that, when
more porosity is present in this phase (Figure 7b), less liquid
phase had been present. This phase appears to bond solid
particles; therefore, it is hereafter referred to as the bonding

phase. Moreover, at some locations, particles in the form of
spheres were observed. One such sphere is marked in Figure 7a
with an arrow, shown with a higher magnification in Figure 7c.
Figure 7d) shows the area marked with an arrow in Figure 7b
with a higher magnification, where the arrows indicate that
the first deposition is often fine-grained hematite. An average of
EDS point analyses carried out on the bonding phase between

Figure 6. (a) Deposition probe after sampling during coal combustion
(coal 2, medium term, tilted 0°) and (b) deposition from the probe after
sampling during coal combustion (coal 6, long term, tilted 45°). The
brick width (45 mm) is marked by the arrow in the image.

Table 5. Quantitative EDS Analysis (Presented Normalized
on a C- and O-Free Basis) of the Deposit Material on the
Thermocouples and Deposition Probe (wt %)

fuel oil coal

element oil 3 coal 1 coal 2 coal 4 coal 6 T1 T2

Si 1 3 6 7 4 9 21
Al <1 2 4 6 2 6 13
Fe 89 88 83 79 88 75 57
Ca 5 5 5 7 4 4 5
K <1 <1 <1 <1 a 1 1
Mg <1 <1 <1 a <1 a a
Na <1 a a a <1 1 a
P <1 a <1 a <1 1 1
Ti <1 <1 <1 <1 <1 1 2
Ni 2 a a a a a a
Cr a a a a a <1 a
S 1 a a a a a a

aNot detected.
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hematite grains in Figure 7d shows concentrations (oxygen free)
of∼40 wt % Fe,∼25 wt % Si,∼20 wt % Al,∼5 wt % Ca,∼2 wt %
each of Ti, K, and Mg, and ∼1 wt % Na.
3.3.2. Sampling with the Deposition Probe. The first

sampling carried out during oil combustion (short term, tilted 0°)
showed very little deposition. Besides rare hematite grains (sizes
of ∼1 μm) deposited, only voids and cracks were filled with
hematite grains with sizes up to ∼50 μm, as shown in Figure 8.
In the second sampling (medium term, tilted 45°), a layer was

deposited on the refractory surface with a thickness of 5−10 μm,
shown in Figure 9a. Only grains of hematite were observed in the
deposited layer.

In the third sampling (long term, tilted 0°), a layer of hematite
grains was deposited on the refractory surface, with a thickness of
10−20 μm, shown in Figure 9b. Single hematite grains with sizes
of ∼2 μm (maximum) and down to sub-micrometer scale were
observed in this layer. In addition to hematite, traces of Al, Si, Ca,
Mg, Ti, Ni, V, S, P, Na, and K were also observed at different
locations in the deposit from this sampling. No bonding phase
between particles was observed in any of the samples collected
during oil combustion.
In the first sampling carried out with coal combustion

(medium term, tilted 45°), grains of hematite were detected in
the layer deposited on the refractory surface, but in addition, at
some locations, spheres with sizes of ∼50 μm were observed.
Figure 10a shows such a sphere. The texture on the surface is of

Table 6. Chemical Analysis (by XRF) of Deposit Material
from the Second and Sixth Samplings Carried out during Coal
Combustiona

elements coal 2 coal 6

Si 16.6 14.2
Al 9.7 7.7
Fe 65.4 69.8
Ca 4.4 5.2
K 0.5 0.4
Mg 1.7 1.0
Mn 0.1 0.1
Na 0.1 0.1
P 0.7 0.7
Ti 0.6 0.6
V 0.1 0.1

aAll results are shown in weight percent, presented as oxygen and
carbon free, and normalized to 100%.

Figure 7. SEM micrographs showing (a and b) overviews of the thermocouples used, (c) spherical particle in the deposit, and (d) thermocouple−
deposit interface. Both samplings were carried out during coal combustion.

Figure 8. Hematite grains captured in a fissure of the refractory sample
used during the short-term test carried out during combustion of fuel oil.
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typical columnar dendritic solidification that occurs from melts,
here comprising iron oxide. The darker areas between dendrites
also contain Mg and Si in concentrations of 8−10 wt % each and
a few percent each of Al, Ca, and Ti.
Spheres were also observed at several locations in the deposit

material from the second sampling (medium term, tilted 0°),
with sizes 20−50 μm, marked with black arrows in Figure 10b.
The bonding phase between the spheres and hematite grains
comprises (apart from O) mainly Fe (∼50 wt %) and
approximately equal amounts (∼15 wt % each) of Si, Al, and
Ca, which agree stoichiometrically with anorthite (CaO·A-
l2O3·2SiO2). Moreover, the elements Na, K, Mg, Ti, and P are all
present in concentrations of ∼1 wt %. However, these areas
appear to be of a non-crystalline morphology. The white arrow in

the upper right corner of Figure 10b marks an area that
corresponds to forsterite (2MgO·SiO2). The same area is shown
with a higher magnification in Figure 10c. Precipitations of iron
oxide are seen on the surface. In this deposition, hematite grains
with three distinctly different fractions were observed, shown in
Figure 10d. These were larger hematite grains (∼50 μm, marked
A in Figure 10d), medium-sized grains (∼2 μm, marked B in
Figure 10d), and a fine-grained hematite with sizes from sub-
micrometer to ∼1 μm (marked C in Figure 10d).
In the deposit material from the sixth sampling (long term,

tilted 45°), a certain amount of stratification can be seen (darker
band in the middle of Figure 11a). Moreover, the effect of the
prevailing flue-gas direction on the formation of the deposit
material is shown in Figure 11a. With a higher magnification, a

Figure 9. SEM micrographs showing hematite grains deposited on the refractory surface from (a) medium-term sampling carried out during oil
combustion and (b) long-term sampling.

Figure 10. SEMmicrographs showing (a) spherical particle adhered to the deposit during the first sampling with coal combustion, (b) deposit material
where spheres are marked with black arrows and an area high in Mg marked with a white arrow, (c) area high in Mg with a higher magnification, and (d)
hematite with three distinct fractions in the deposit material (panels b, c, and d from the second sampling).
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solidified wave-like texture is revealed, shown in Figure 11b. At this
location, spheres with sizes of ∼50 μmwere observed. EDS analyses
showed that the major element was iron at every location, because
this region is rich infine-grained hematite. Actually, in this sample, the
iron oxide acts as a bonding phase to other grains, whichwas opposite
to other samples. Figure 11c shows this with a higher magnification,
where the double-arrow marks what can be approximated to be the
wavelength of these waves. The area marked I in Figure 11b
corresponds to apatite [Ca5(PO4)3(OH,Cl, F)], and the areamarked
II corresponds to forsterite (2MgO·SiO2). The area marked II in
Figure 11b is shown with higher magnifications in Figure 11d. Note
the precipitated iron oxide on the surface of the forsterite grain.
In the seventh sampling carried out during coal combustion

(long term, tilted 225°), very little deposition was found on the
refractory brick surface. Only a few local grains of hematite were
observed. However, at some locations, Ca, K, and P were found
at a depth of ∼50 μm beneath the surface, marked by arrows in
Figure 12. Named elements may have possibly migrated and
caused the mullite grains to dissolve, but more likely, the upper
layer closest to the surface (∼50 μm) is deposition of another
type compared to deposits observed in previous samples.
XRD carried out on deposit material from the sixth sampling

showed predominantly hematite, as seen in Figure 13a. However, a
scan with a shorter step length showing a close-up of theminor peaks
in Figure 13a is shown in Figure 13b. Peaks detected from minor
phases are likely to belong to cristobalite and quartz (both SiO2),
mullite (3Al2O3·2SiO2), and anorthite (CaO·Al2O3·2SiO2).

4. DISCUSSION

This paper deals with characterization of the phenomena
underlying accumulation of deposit material on refractory linings

within grate−kiln plants for iron-ore pellet production based on
short-term in situ sampling carried out in the transfer chute in an
industrial plant.
Inertial impaction controls the deposition rate, whichwas observed

when the probe was tilted at different angles to the wind direction. In
samplings carried out with the probe tilted toward the lee side, very
few or no particles were deposited on the refractory surface. It is
especially prominent in panels a and b of Figures 7, showing the
thermocouples, how inertial impaction has formed a plume and that
there is no deposition on the lee side. Therefore, condensation,
thermophoresis, and chemical reactions by adsorption of vapors can
be considered to be minor contributors to deposition.
A significant difference in the deposition rate was observed

during combustion of different fuels, where the deposition when

Figure 11. SEMmicrographs of deposit material from the sixth sampling carried out during coal combustion, showing (a) overview with texture created
by the wind direction, (b) grains deposited in a bonding phase of hematite grains, (c) solidified wave-like texture in the deposit material, and (d) region
that corresponds to forsterite.

Figure 12. SEMmicrograph showing a few grains of hematite deposited
on the refractory liner from the seventh sampling. The interface between
mullite grains and the reacted region is marked with arrows.
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using firing oil was negligible compared to the use of coal. This
was expected on the basis of the literature,19 because fly ash
remains in the kiln from combustion of coal, while oil only leaves
minor residues after combustion.
The iron oxide (hematite) that is sintered in the grate−kiln is

the main contributor to deposit formation. However, hematite
originates from not only pellet residues but also fly ash.
Moreover, traces of apatite were also found; this is one of the
major gangue minerals in Kiruna iron ore. Residues from gangue
minerals remain in the ore concentrate in concentrations of
<1.5%.21 In addition, traces of the additives forsterite (added to
the iron-ore concentrate in a concentration of 3.5 wt %22) and
quartz (that may partially originate from the fly ash23,24) were
found in the deposit material. Other minerals found in minor
concentrations, which are also usually found crystallized in coal
ashes, were anorthite,23,24 mullite,24 and cristobalite.24 Mullite is
formed even at 1100 °C from heated kaolin clays,25 which is one
of the most abundant minerals in coals.24 These minerals agreed
with what was found in chemical analysis by XRF.
Normally, the bonding phase between larger particles of iron

oxide consists of a non-crystalline phase, which besides the Fe
content, is stoichiometrically close to anorthite. In the pseudo-
ternary phase diagram (CaO−Al2O3−SiO2), there is a eutectic
close to this composition at a temperature of 1170 °C.26 This
temperature may be further decreased by inclusion of K+, Na+,
and Fe2+ ions; i.e., this phase is partially liquid under prevailing
conditions. However, in one sample, the bonding phase instead
consistedmainly of fine-grained sintered hematite. The sample in
which this was observed was collected during a period when
there was a high concentration of airborne particles present in the
kiln. However, even if a trend is observed, it is not possible to
draw conclusions from a single observation.
Trends are observed when elemental ratios (detected by XRF

results) of short-term deposits (collected during coal sampling),
of coals burned, and of pellets produced during sampling are
compared to each other. Table 7 shows relevant ratios. The ratio
Ca/Si from deposits agrees with the ratio from the pellets
produced during sampling, while the Mg/Si ratio is significantly
lower in deposits compared to the ratio in the pellets produced.

This might be a result of less forsterite adhering to the deposits
(because of larger particles) compared to Ca-containing minerals
(or that Mg form phases less sticky than Ca does). Moreover, the
Ca concentration is higher compared to the Mg concentration in
the fly ash. This is promoted by the Ca/Fe ratios for deposits,
which are closer to fly ash than the corresponding ratio in the
pellets. The Si/Fe ratios for deposits are intermediate with ratios for
coals and pellets; almost certainly, most Fe in deposits originates
frompellet residues, whilemost Simay originate from fly ash. This is
promoted by earlier observations (10.1021/ef400973w) of fine
mode particles (<0.1 μm) collected during coal combustion, where
especially Si was prominent. In the same way as the Ca/Al ratio,
ratios for deposits are intermediate compared to ratios for coals and
pellets. It is likely that most Al originates from fly ash, while Ca
originates from pellets.
Hematite grains with three distinctly different size fractions

(<1, ∼5, and ∼50 μm) were observed in the deposits. Very few
hematite grains of the larger size (in comparison to what has been
observed deposited on the lining in the kiln7) were found in any
sampling because these grains are too heavy to be collected, and if
they are collected, they easily fall off the refractory because it is
not horizontal. These three fractions can be assumed to originate
from different sources. Particles of the larger fraction are most
likely residues from pellets disintegrated in the process. The
specific point at which samplings were carried out is situated just
above where pellets fall from the grate, through the transfer
chute, and down in the kiln. This drop in height (∼5 m) can
easily cause the disintegration of pellets that are not sufficiently
indurated. The small- and middle-sized fractions (<1 and∼5 μm,
respectively) most likely originate from the fly ash, as seen on the
hematite in Figure 10d (within the fractions marked B and C); it
comes from disintegrated spheres that originates from the fly ash,
also observed earlier in particle sampling (10.1021/ef400973w).
Spheres with sizes ∼50 μm, mainly consisting of iron oxide

with various concentrations of Si, Al, Mg, and Ca in particular,
were observed in the deposit material adhered to the refractory
samplers in this study. Similar spheres were also observed in a
previous study, carried out through particle samplings with a low-
pressure impactor (10.1021/ef400973w). These spheres act here

Figure 13. Diffractograms obtained from deposit material collected in the sixth sampling during coal combustion.

Table 7. Elemental Ratios of Deposit Materials Compared in the Same Table to Coals Burned and Pellets Produced during
Sampling

key ratios sampling coal 2 sampling coal 6 coal type A coal type B pellet KPBO

Ca/Si 0.27 0.37 0.02 0.15 0.34
Mg/Si 0.10 0.069 0.008 0.06 0.92
Ca/Al 0.46 0.68 0.04 0.27 2.75
Ca/Fe 0.067 0.075 0.43 0.73 0.005
Si/Fe 0.25 0.20 17.3 5.0 0.01
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as building blocks in the deposit material (see panels a and b of
Figure 10). Similar spheres have been observed previously27,28

within deposits in coal-combusted power plants, which indicates
that they originate from fly ash rather than from pellet residues.
Kostakis27 studied the mineralogical composition fouling and
slagging in a lignite (mined in Ptolemais basin) fired power plant
in Kardia, Greece. Spheres were observed that were rich in iron
but also in Si, Al, Ca, and Mg. Gomes et al.28 studied fly ash from
the la Maxe power plant in France, which uses a bituminous coal.
Spheres were also observed in this study that were rich in Al, Si,
and Fe. The morphology and chemical composition of the
spheres observed in power plants correspond well to what has
been observed in this study. Therefore, it can be assumed that
these spheres originate from the fly ash rather than from pellet
residues. In addition, the pattern on some of these spheres
originates from columnar dendritic solidification that occurs
from melts that solidify. Similar solidification as spheres has
previously been observed,29 as well as dendritic hematite.30

When a particle impacts the surface of the refractory section of
the probe, it could either adhere to the surface and stay there or
bounce away. Whether a particle adheres or not depends upon
the material properties of the particle, the material properties of
the surface, and the kinetic energy of the particle. Most of the fly
ash particles in a grate−kiln plant have been molten in the hot
environment in the coal powder flame (10.1021/ef400973w).
The iron-ore particles have been in the solid phase in the kiln
(10.1021/ef400973w). The question is, however, if some of the
fly ash particles still have a molten phase and, thereby, have a
sticky surface in the temperature range relevant to the transfer
chute between the kiln and the grate (1010−1290 °C). If so, the
fly ash particles could stick to the surface according to classic
theories for deposit formation during coal combustion,8,9,16,31,32

and thereafter, solid iron-ore particles adhere to the sticky fly ash
particle surface, building up a multi-component deposit of both
fly ash and iron-ore particles. However, if all of the particles
(fly ash and iron ore) in the flue gas are in the solid phase, another
deposit formation mechanism (solid−solid impaction) controls
the deposit rate. Hertz first described the elastic contact
mechanics33 between two solid particles; however, the theory
has been developed to include adhesive contact34 and plastic
deformation.35 When particles (considered spherical) hit the
surface of the refractory sampler (considered flat), it can be
assumed that they deform both elastically and plastically. The
contact area between them increases, as well as the van der Waals
and electrostatic forces between them.36 With a higher particle
velocity, the particles deform more. The extent of deformation
also depends upon Young’s modulus, yield strength, and
Poisson’s ratio of the materials involved.37 In comparison to
ordinary combustion plants, the flue gas velocity is most likely
higher in the transfer chute between the kiln and the grate.
Computational fluid dynamics (CFD) models have shown38

that, at the point where sampling was carried out, just above the
knee in the transfer chute where the grate feed the kiln, the gas
flow rate is 30−40 m/s. In addition, the gas flows are turbulent.
This may be considered as low-velocity impacts for particles with
sizes of 0.1−1 μm.36 However, the high temperature contributes
to increased plastic deformation,39 increased diffusion, and
chemical reactions between the deposit and refractory liner that
increase the bonding between them. Therefore, it may be
possible for solid particles to hit and adhere to the surfaces in a
grate−kiln plant.
The prevailing wind direction determines the formation of the

deposits. It is shown in SEM micrographs how the wind flow

forms waves in the deposit material in the wind direction, in both
the micro- (panels a−c of Figure 11) and macroscale (Figure 6).
These waves may be considered as Aeolian ripples40 that are
often observed in sand dunes but also may be found in sediments
of volcanic ashes.41 Earlier studies42,43 showed that there is a
nonlinear correlation between wavelength and particle size,
which may explain the texture found in the deposits.
The temperature was measured to be ∼100 °C higher during

coal combustion than during oil combustion. There is a
difference in heat distribution within combustion of these fuels.
Fuel oil is more emissive but gives a shorter flame than coal.
Moreover, because there was a higher mass flow of pellets during
the coal-combusted sampling (in comparison to sampling during
fuel-oil combustion), there was a higher liberation of energy
(heat) from the oxidation of magnetite to hematite. This
oxidation resulted in an effect ∼20 MW higher compared to the
oxidation under oil combustion sampling. This also contributed
to a higher temperature in the transfer chute during coal
combustion compared to during fuel-oil combustion.
A significant increase in the deposition rate was observed in

one sampling. This was also observed at Kobe Steel;19 even if the
same coal was burned, the deposition rate varied with operating
conditions. Moreover, it was observed in tests carried out by
Allis-Chalmers (inventor of the grate−kiln) in the 1970s that the
key factor for deposition in the kiln is the presence of dust.44 The
reason for the increased deposition rate in this study was
probably the presence of more airborne particles (dust) in the
kiln over this period of sampling. If for any reason more airborne
particles are present in the kiln, more particles will be transported
by gas flows toward lining and equipment, and therefore, more
particles will stick to surfaces. It can be assumed that the deposit
rate of material on the refractory lining in the kiln can increase
during discrete periods of industrial production.
There is a difference in the concentration of elements between

what has been detected by XRF and EDS. When the bulk EDS
analyses were carried out on deposit materials close to the surface
of the refractory sampler, the XRF analyses were carried out on a
larger bulk of the deposit material. This may explain some of the
differences. Moreover, the Fe concentration was lower in the
deposit material on the thermocouples compared to the deposits
collected on the probe. This may be because very few Fe particles
adhered to the probes with sizes larger than a few micrometers
(except spheres). Down in the kiln, larger hematite particles with
sizes of 10−50 μm are commonly found in the deposits, which
originate from disintegrated pellets.7 Initially, smaller particles
adhere more easily to a surface, and there is less Fe in the fine
mode (10.1021/ef400973w). It is also observed that the deposits
sinter and become denser with time and with more adhered
material, which is also expected on the basis of the literature.16

In the deposits, the high Fe concentration in the bulk mainly
originates from the presence of fine-grained hematite. However,
some of the Fe probably remains dissolved in the bonding phase.
The amount of Fe precipitated as hematite depends upon the
cooling rate, i.e., how fast the probe was removed through the
inspection port. Moreover, some Fe might precipitate in solid
solutions with other minerals. However, the majority of the
hematite (i.e., the larger particles) remains in its original
state (crystallized) at the temperatures present in the process.
The question is how well do the observations carried out on the
deposits at room temperature represent conditions in the kiln.
Hematite with a finer grain size is deposited on the probe and

thermocouple compared to the hematite deposited on the
refractory lining in the kiln, observed in earlier studies.7 Larger
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hematite particles can be captured more easily in the bulk of
deposit material on the lining in the kiln, because gravity drags
them toward the bottom of the kiln. In the sampling carried out
in this study, larger grains may bounce or fall off the sampling
probe or they may not be able to stick to the surface of the probe
because the surfaces are not rough or sticky enough. Therefore,
the chemical analysis of the chunk material shows a significantly
lower iron oxide concentration compared to chemical analyses
carried out previously on deposit material collected in the kiln.7

Instead, the sampled deposits comprised higher concentrations
of Si, Al, Ca, and P. It can be assumed that this depends upon the
lack of larger grains of hematite in the adhered deposition.
However, the chemical composition of short-term deposits
collected in this study agree well with the long-term deposits
collected in the same transfer chute during earlier production
stops.45 Moreover, there was no big difference in chemical
composition between the second and sixth sampling carried out
under coal combustion, even though there was a large difference
in the deposition rate. A larger amount of airborne particles
present in the kiln gives more deposition on the refractory liners.
The sampling carried out in this study to establish how

deposits grow on the deposition probe best simulates the deposit
growth mechanism in the transfer chute in industrial processing.
Deposits on the refractory lining in the rotating kiln develop
under more complex mechanical conditions. Inertial impaction
plays a smaller roll in deposition in the kiln when dust particles
from disintegrated pellets and fly ash tumble around and may
stick to surfaces by other mechanisms.
The majority of the material that deposits on the refractory

plates during the samplings carried out in this study is hematite,
mainly from disintegrated pellets in production, but some
originates from the fly ash. Initially, fissures are filled with
particles of appropriate geometries. Further, deposition on flat
surfaces is initiated by small particles (of hematite or another
material), with sizes of∼2 μm or less. At this level, small particles
easily adhere to the deposits without a sticky bonding phase that
acts as a glue. As the thickness of the deposition increases, the
need for a bonding phase increases, to bond more and larger
particles to the surface. With more texture and more stickier
particles, the deposit is able to bond larger particles to the surface.
At this level, more or less any particle can adhere to the deposit
material; it seems that the particle size is the only determinant factor
as long as the gas draft direction is toward the deposit material.
When there are many airborne particles, the deposition can increase
very rapidly. However, some questions remain because the
deposition mechanisms are not yet fully understood. These
mechanisms are important to understand when questions regarding
alternative fuels arise, and therefore, further studies are required.

5. CONCLUSION
The following conclusions can be drawn from this work: (1) A
significant increase in the deposition rate was observed during
coal combustion compared to oil firing. (2) Inertial impaction is
the dominant deposit mechanism during sampling. (3) The flue-
gas direction determines the texture and formation of the
deposits. (4) The deposits are mainly hematite particles
embedded in a bonding phase, mainly comprising a calcium
aluminum iron silicate. (5) Besides hematite and the bonding
phase, the minerals anorthite, mullite, cristobalite, quartz,
forsterite, and apatite were also observed in the deposit materials,
after they have been cooled to room temperature. (6) Hematite
grains with three distinctly different fractions were observed in
the deposits, originating frompellet residues and fly ash. (7) Spheres

with dendritic morphology or clustered grains originating from fly
ash, mainly consisting of iron oxide but also comprising various
concentrations of Si, Al, Ca, andMg, were observed in the deposited
material.
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ABSTRACT  
The iron ore pelletizing industry utilizes the grate-kiln 

process to dry and sinter the pellets into finished product. 
The grate-kiln process has a known deposit formation issue 
that needs to be further understood. Combustion of 
pulverised coal in the rotary kiln generates fly ash particles; 
in addition to that, particles generated from disintegrated 
iron ore pellets are also entrained in the process gas stream. 
The combined effect of both sources of particles can 
therefore contribute to the deposit formation in the process. 
In this work, particle- and deposit formation were studied 
both from a full-scale grate-kiln plant (40 MW) and from a 
pilot-scale pulverised coal fired furnace (400 kW). Particles 
were collected with a water-cooled probe with nitrogen gas 
as dilution medium at the tip of the probe. The particles 
were separated simultaneously with a pre-cyclone and a 13 
stages low-pressure impactor during samplings. Deposits 
were collected with a refractory plate which was attached 
at the tip of a water-cooled probe, exposed to the high 
temperature (>1100 °C) process gas stream. Particles and 
deposits were characterized with an environmental 
scanning electron microscope and a scanning electron 
microscope that equipped with energy dispersive 
spectroscopy detector. A comparison of particle and deposit 
characteristics between the grate-kiln plant and the pilot 
scale pulverised coal fired furnace is presented in this paper, 
with focus on the potential influence of disintegrated iron 
ore pellets on the particle- and deposit formation process. 

 
Keywords: iron ore, grate-kiln, particle, deposit, coal ash.  

NOMENCLATURE  
Abbreviation 
ECF Pilot-scale pulverised coal-fired furnace, 

LKAB Experimental Combustion Furnace  
LPI Low Pressure Impactor 
ESEM Environmental Scanning Electron 

Microscope 
Dp Diameter of particle 

1. INTRODUCTION  
Iron ore has been an important natural resource for iron 

and steelmaking. The mined iron ore can be converted to 
iron ore pellets and later on be reduced to iron in the blast 
furnace process. To obtain the desirable condition in the 
blast furnace for iron and steelmaking, the iron ore is 
crushed to powder, mixed with additives and binder in 
humid state, and rolled into wet green balls, typically 
between 9 and 15 mm in diameter [1]. These wet green 
balls are thereafter dried and sintered into the finished 
product as iron ore pellets in the grate-kiln plant. The grate-
kiln process is one of the most common processes that are 
used to produce iron ore pellets. Coal and heavy fuel oil are 
used as combustion fuels for the burner of the rotary kiln. In 
the grate-kiln process, oxidation of iron ore from magnetite 
to hematite occurs partly in the end of the grate and partly 
in the kiln and cooler that follows after the kiln. 

Deposit formation in the grate-kiln plant is a problematic 
phenomenon for iron ore pelletizing industries. The 
deposits accumulate in the high temperature areas of the 
process, such as at the end of the grate, in the transfer 
chute and at the inner wall of the rotary kiln. These deposits 
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may disturb the pellets flow and gas flow in the process, 
along with the accumulation of the deposits. If chunks of 
deposit fall off from the transfer chute or inner kiln wall, 
they can also damage machines and decrease production 
capacity. Production disturbance and unscheduled 
shutdowns are inevitable due to the deposit formation in 
the grate-kiln plant. Moreover, the deposits build-up in the 
rotary kilns can also cause mechanical strain and degrade 
the refractory liners over time [2]. Therefore it is important 
to investigate and understand the causes of deposit 
formation in the grate-kiln plant.  

Deposit formation in coal powder combustion utilities has 
been studied in numerous previous investigations. 
Compared with the ordinary coal powder combustion 
process, the deposit formation process is more complicated 
in the grate-kiln plant, since these deposits contain particles 
from both iron ore pellets and coal mineral matter [3]. In 
general there are relatively few published works that 
address deposit formation in the grate-kiln plant. It has 
been previously described in the literature that coal can be 
used for the burner that is located in the rotary kiln, with 
conditions of the right coal ash properties and proper 
process control [4]. Coal fuel that caused slagging problems 
in a grate-kiln plant was previously mentioned in a paper 
which described the grinding properties of coal and burner 
operation. It was difficult to determine the best type of coal 
for fuel solely based on the fuel properties for the iron ore 
pelletizing plant, despite using deposit parameters to study 
the coal ash deposits [5]. Deposit formation as rings in a 
rotary kiln was studied in a grate-kiln process that 
combusted natural gas [6], it was suggested that the 
concretion strength of deposits increased at higher 
temperature.  

This work covers an on-going investigation which has the 
overall goal to understand the deposit formation 
mechanisms in the grate-kiln plant.  In previous works 
performed by the research groups involved in this paper the 
particle formation- and short term deposit formation 
processes have been studied both in a full scale grate kiln 
plant [3,7] and in a pilot-scale pulverised coal fired furnace 
(ECF) [8]. The same type of coal fuels was used in the ECF as 
in the full-scale investigation but in the ECF no iron ore 
pellets were added to the process. The objective of this 
study was to compare the particle and deposit formation 
characteristics between the grate-kiln plant and the pilot 
scale pulverised coal fired furnace, with special focus on the 
potential influence of disintegrated iron ore pellets on the 
particle- and deposit formation process. 

2. MATERIALS AND METHODS 
Coal A and Coal B were combusted both in a full-scale 

grate-kiln plant and in a pilot-scale pulverised coal-fired 
furnace (ECF).  Sampling of particles and deposits took 

place at the grate-kiln plant during ongoing production of 
iron ore pellets. During sampling of particles and deposits in 
the ECF there was no flow of iron ore pellets.   

2.1 Materials 
Chemical analysis showed that there were slight 

variations between coal A and B used in the grate-kiln 
compared to ECF, although these two coals originate from 
from the same coal mines (Table 1). 
 
Table 1 Composition of Coal A and Coal B from grate-kiln 
(GK) and pulverised coal fired furnace (ECF) and iron-ore 
pellets in production during coal trial. 

Fuel / Pellets Coal A 
(GK) 

Coal B 
(GK) 

Coal A 
(ECF) 

Coal B 
(ECF) 

Iron-
ore 

pellet 
Proximate analysis (wt-% as received) 

 
Volatile 
matter 21.0 18.4 21.2 18.2 - 

Fixed carbon 60.3 65.7 62.2 63.8 - 
Moisture 6.0 9.1 4.2 9.1 11.2 
Ash / 
Minerals 12.7 6.8 12.4 8.9 88.8 

Ultimate analysis (wt-% dry) 
 

C 74.6 80.7 76.4 80.1 - 
H 3.9 4.2 4.0 3.8 - 
N 1.4 2.1 1.4 2.0 - 
O (by 
difference) 6.3 5.2 5.1 4.0 30.6 

Cl 0.01 0.02 0.01 0.04 <0.002 
S 0.33 0.31 0.32 0.27 <0.001 
Effective 
heating value 
(MJ/kg) 

29.3 31.7 29.0 28.3 0.51 

Elemental Analysis (wt-% dry, in coal and in pellet) 
 

Si 3.63 1.99 3.27 2.33 0.98 
Al 2.14 1.08 2.09 1.18 0.12 
Fe 0.21 0.40 0.4 0.49 66.91 
Ca 0.09 0.29 0.22 0.47 0.33 
K 0.05 0.12 0.07 0.17 0.03 
Mg 0.03 0.11 0.05 0.17 0.90 
Mn 0.01 0.01 0.003 0.01 0.06 
Na 0.01 0.01 0.04 0.05 0.03 
P 0.05 0.01 0.08 0.03 0.025 
Ti 0.07 0.04 0.09 0.05 0.09 
Ba 0.03 0.01 0.02 0.02 - 
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Quantitative mineral analyses (SIROQUANT data) of coal 
A and coal B were obtained from CSIRO, Australia, through 
low temperature ashing and subsequent X-ray diffraction 
(XRD) [9].  
 
Table 2 Mineral analysis (wt-% of crystalline phases) 
obtained from low temperature (< 127 °C) radio-frequency 
oxygen plasma ashing, quantitative SIROQUANT data for 
Coal A and Coal B [9]. 

 
Chemical Formula 

Coal 
A 

Coal 
B b 

Mineral 
Matter 

 
15.4 9.5 

Quartz SiO2 19.1 15.0 

Kaolinite Al2Si2O5(OH)4 63.5 14.3 
Illite/ 
Tobelite/ 
other 

(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10 
[(OH)2,(H2O)] (Illite) 

10.2 40.7 

Albite NaAlSi3O8 0.0 0.8 

Pyrite FeS2 (cubic) 0.0 0.8 

Siderite FeCO3 2.0 5.4 

Ankerite Ca(Fe, Mg, Mn)(CO3)2 0.2 5.4 

Calcite CaCO3 0.8 3.4 

Dolomite (CaMg)(CO3)2 0.0 10.5 

Bassanite a 2CaSO4 H2O) 0.0 0.6 

Fluorapatite Ca5(PO4)3F 3.2 0.2 

Goyazite SrAl3(PO4)2(OH)5 H2O) 0.8 1.2 

Anatase TiO2 0.2 0.3 
a Bassanite was formed during low temperature ashing. 
b Coal ash B contained 1.3% Diaspore ( -AlO(OH)). 

2.2 Full-scale Grate-Kiln plant 
The 40 MW grate-kiln plant number 2 (KK2) is owned by 

the Swedish mining company Luossavaara Kirunavaara AB 
(LKAB). KK2 has a capacity of producing 3.9 million ton iron-
ore pellets annually; it is one of the plants where the full-
scale sampling activities took place. The grate-kiln process is 
utilized to produce iron ore pellets that dry and sinter the 
iron ore green balls into the finished product as iron ore 
pellets. Detailed process descriptions of the grate-kiln plant 
for iron ore pellets production were presented in a previous 
work [7]. The grate-kiln plant contains a travelling Grate 
with a broad transport conveyer that is built up of 
perforated plates between chains with a total length of 60 
m and width of 4.38 m. At the end of the travelling Grate 

there is a rotary Kiln with 4% inclination that rotates with 
1.4 rpm, with 34 m in length and 5-6 m in diameters. At the 
end of the rotary Kiln, heated air from the annular cooler 
(the next step after the rotary kiln) of ca. 1100 °C is supplied 
above and below the burner into the rotary kiln. The flue 
gas from pulverised coal combustion in the rotary Kiln flows 
in counter-current (from Kiln to Pre-Heat zone in the Grate) 
to the travelling direction of the iron ore pellets bed (from 
Grate to Kiln) as shown in Figure 1. 
 

 

Figure 1 Full-scale grate-kiln plant [7] 

2.3 Pilot-scale pulverised coal fired furnace (ECF) 
The 400 kW pilot-scale pulverised coal fired furnace, 

owned by the iron ore pelletizing company LKAB in Sweden, 
was designed to simulate a scaled down grate-kiln plant. 
This pilot-scale furnace is referred to as ECF (Experimental 
combustion furnace) in this work. ECF does not rotate as 
the rotary kiln and there was no iron ore pellets flow 
through the furnace as in the full-scale grate-kiln plant. The 
ECF is a horizontal furnace of 14 m in length, 1200 mm in 
outer diameter, 800 mm in inner refractory wall diameter. It 
is lined with 200 mm refractory in thickness; the outer steel 
mantle is 10 mm in thickness. Heated air of ca. 1100 °C was 
supplied to the ECF kiln through two perforated ceramic 
sections that are located above and below the burner [8]. 

 

 
Figure 2 Pilot-scale pulverised coal fired furnace (ECF), 
sampling position P1, P2 and P3. [8]           
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2.4 Particle sampling system 
Particles were sampled between the grate and the kiln via 

a water-cooled rapid dilution sampling probe. The sampling 
location from the grate-kiln, known as transfer chute, is 
marked in Figure 1 while sampling from the ECF took place 
at 3 positions as marked in Figure 2. The particle sampling 
system is presented schematically in Figure 3. The water 
jacketed particle probe was continuously cooled during 
samplings to prevent deformation of the probe due to high 
process temperature. 

 
 
Figure 3 Particle sampling system [7] 
 

The particle samples were withdrawn perpendicularly 
(non-isokinetically) to the main gas stream. Directly at the 
probe tip, the hot flue gas was diluted and cooled with pure 
nitrogen gas down to a temperature of ~100-150 °C. The 
dilution degree was controlled by adjusting the needle valve 
for flow input of nitrogen gas into the probe tip. The oxygen 
content in the grate-kiln was 14 % according to previous 
experience, while in the ECF it was measured to be 17 %. 
The dilution factors were 16-37 during sampling from the 
grate-kiln plant and 10-12 from the ECF. The dilution factors 
were calculated as the ratio of the oxygen content in the 
undiluted flue gas at the sampling location to the oxygen 
content in the diluted sampling gas. During the pilot-scale 
ECF sampling, the dilution was more controllable compared 
to the full-scale grate-kiln sampling.   

Particles withdrawn from the process first passed through 
the 1 meter long particle probe. Large particles were 
separated from the gas flow with a pre-cyclone with a size 

hereafter the flow enters into a 13-stages 
Dekati-type low-pressure impactor (LPI) that size-classifies 
particles according to their aerodynamic diameter in the 
range of 0.03- The impactor stages 1 and 10 were 
selected for analysis because of their significant particle 

amounts; the respective cut-off diameter (d50) for impactor 
for stage 10 it 

aluminium foils were used as impactor substrates. The last 
(bottom) plate of the impactor acts as a sonic orifice 
regulating the gas flow through the LPI to ~18 L/ min. A 
manometer was connected to the sampling pipe after the 
LPI in order to monitor the pressure after the last impactor 
stage and ensure proper operation of the impactor. A pump 
was connected after the manometer for initiating the 
withdrawing movement of particles. At the end of the 
system, a flue gas analyser was used to measure the gas 
concentration of O2, CO2, CO and NOx continuously during 
the sampling periods. 

2.5 Deposition probe 
A deposition probe was used to collect short-term 

deposits from the full-scale grate-kiln plant and the pilot-
scale ECF. Deposit samples from the ECF that were chosen 
to be analysed in this study were from deposit probes at 
position 3 (1150 °C); the selection was based on the gas 
temperature profile.   

Short-term deposits were collected on a refractory plate 
mounted at the end of the deposition probe. The 
temperature was measured in the non-cooled part of the 
probe (protected from radiation), using a 1.5 mm K-type 
thermocouple. The refractory brick plates are 38x47 mm, 
with a thickness of 5 mm in dimension. The refractory plate 
was produced from a basis of chamotte by Höganäs Bjuf AB 
(Bjuv, Sweden). In terms of the most stable oxides, based on 
data from the producer, the bricks comprised: ~58 wt% 
Al2O3, ~36 wt% SiO2, 2.1 wt% TiO2, 1.4 wt% Fe2O3, 0.3 
wt% CaO and 1.3 wt% alkali. The refractory plates were 
mounted to the probe with an asphalt/silicone based 
sealant, and thereafter inserted in the grate-kiln plant and 
ECF for sampling. 

2.6 Temperature measurement 
2.6.1 Gas Temperature from grate-kiln 

The flue gas temperature from the grate-kiln was 
measured using an S-type (Pt and Pt 90%/Rh 10%) 

junction that exposed to the flue gas was extended 10 mm 
from the end of a ceramic tube (aluminium oxide) with a 
length of 10 cm that protects the rest of the wires. The end 
of the ceramic tube was installed at the tip of a water 
jacketed cooled probe that serves as a protection shield for 
the transmitting cable for the temperature measurement. 
The average gas temperature measured was 1150 °C, 
although the temperature fluctuated between 1010-1290 °C 
during measurement. 
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2.6.2 Gas Temperature from ECF 

Flue gas temperature in the ECF was measured at three 
positions using a suction pyrometer. Average flue gas 
temperatures with standard deviations during combustion 
of coal A and coal B are presented in Figure 4. 

 
Figure 4 Average flue gas temperature with standard 
deviation measured by suction pyrometer at three positions 
P1, P2 and P3 in the ECF [8]. 

2.7 Experimental procedure 
2.7.1 Grate-Kiln plant 

During sampling in the Grate-Kiln plant a mixture of coal 
A+B (70%+30%) was used as fuel. At the sampling location 
transfer chute (shown in Figure 1), particle sampling system 
and deposition probe were used to collect particles [7] and 
short-term deposits [3]. The particle probe in the particle 
sampling system was docked into the transfer chute at two 
depths, i.e. 100 cm and 50 cm, in order to study how 
different distances to the inner wall may affect the particle 
collection. The deposition probe was docked into the 
transfer chute at 100 cm depth. Particle samplings were 
carried out within 10-30 minutes. The deposition probe was 
docked and collected short-term deposits for a period of 14-
16 hours. Gas temperature at the transfer chute was 
measured at two intervals for a period of 10 minutes.  
 
2.7.2 Pilot-scale Pulverised Coal Fired Furnace (ECF) 

During sampling in the ECF, three different fuels were 
tested, Coal A, Coal B and Coal A+B (50%+50%). At position 
3 of the ECF (shown in Figure 2), the particle probe and 
deposition probe was docked at 50 cm depth. The sampling 
time to collect particles was 10-15 minutes. The sampling 
time for short-term deposits at position 3 was 60-75 
minutes. Gas temperature was measured by a suction 
pyrometer for 5-10 minutes (i.e. until the temperature was 
stabilized).  

2.8 Chemical characterization 
Particles were characterized with an environmental 

scanning electron microscope (ESEM) equipped with an 
energy dispersive spectroscopy (EDS) detector. Short-term 
deposits were characterized with both an environmental 
scanning electron microscope (ESEM) and a scanning 
electron microscope (SEM) equipped with energy dispersive 
spectroscopy (EDS) detector.    

Average compositions of particles were obtained from 
several EDS area analyses of well-populated particle areas. 
Average compositions of molten phases found in cyclone 
particles and short-term deposits from grate-kiln and ECF 
were obtained from several EDS spot- and area analyses 
[3,7].  

XRD characterization was carried out for a short-term 
deposit from the grate-kiln [3]. Due to lack of enough 
samples, XRD characterization was not carried out for short-
term deposit from the ECF. 
 
2.8.1 Particles from Grate-Kiln and ECF 

The average chemical compositions of particles on 
impactor stage 1 and stage 10 were obtained from ESEM-
EDS area analyses, calculated from 22 EDS analyses  for 
stage 1 and 17 EDS analyses from stage 10. A molten phase 
were observed in the cyclone particles, the average 
chemical compositions of the molten phase were obtained 
from 4 EDS spot analyses  

Particles from ECF at position 3 were characterized with 
ESEM-EDS. Average chemical compositions of particles on 
impactor stage 1 and stage 10 were obtained from 5 EDS 
area analyses per stage. 

 
2.8.2 Short-term deposits from Grate-Kiln and ECF 

The average chemical compositions of molten phases 
found in 2 short-term deposit samples obtained from the 
grate-kiln were calculated from a total of 26 EDS area- and 
spot analyses. 

The average chemical compositions of molten phases 
found in deposit samples from the ECF were calculated from 
Coal A: 4; Coal B: 7; Coal A+B: 11 EDS area- and spot 
analyses. 

3. RESULTS 

3.1 Chemical characterization 
3.1.1 Particles from Grate-Kiln and ECF 

The average elemental compositions based on well-
populated particle areas for impactor stage 1 and 10 are 
shown in Figure 5 and Figure 6.  
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Stage 1

Average elemental composition
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Figure 5 Average elemental composition (on C- and O-free 
basis) of particles on impactor stage 1 (Dp ~0.03-0.06 μm), 
from full-scale grate-kiln and pilot-scale ECF. 

The elemental analysis of submicron particles on 
impactor stage 1 (Figure 5) showed that there were higher 
Na, K and Cl contents in the grate-kiln than in the ECF. Si, Fe 
contents were significant in both grate-kiln and ECF in the 
submicron mode. Al content was more dominant in the ECF 
than in the grate-kiln. Ca was as one of the most significant 
elements in Coal B in the ECF.  

Stage 10

Average elemental composition
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Figure 6 Average elemental composition (on C- and O-free 
basis) of particles on impactor stage 10 (Dp ~2.6 – 4.2 μm), 
from full-scale grate-kiln and pilot-scale ECF. 

There was significant amount of Fe on impactor stage 10 
(Figure 6) from the grate-kiln. Ash particles produced in the 
ECF contain mainly Si, Al and Fe. Fe was a dominating 

element in this stage as well. From the ECF, the Ca content 
in the ash particles was higher for Coal B than Coal A.  

 
Figure 7 Back scattered ESEM images of particles on 
impactor stage 10 with Dp ~2.6 – 4.2 μm, collected from (a) 
grate-kiln plant, Coal A+B; (b) ECF, Coal A; (c) ECF, Coal B. 
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Particles on impactor stage 10 from the grate-kiln 
dominated of angular Fe particles that originate from the 
iron ore pellets. These Fe rich particles appeared as brighter 
angular particles in the back scattered ESEM image of Figure 
7 (a). Other particles that appeared as greyish particles on 
the same image were in spherical or irregular fused shape. 
The greyish spherical particles were rich in Si, Al and Fe, 
while the greyish fused particles consist significantly of Si 
and followed by Fe and Al. There were also few spherical 
Fe-rich particles that appeared brighter than the greyish 
particles. 

Particles from the ECF consisted of coal ash particles in 
spherical shapes that were rich in Si, Al and Fe. Particles 
that appears brighter in the ESEM image Figure 7 (b) and (c) 
consist mainly of Fe with less Si and Al, while greyish 
particles consists of mainly Si, Al and trace of Fe.  

Table 3 shows that particles which exceed particle size of 
10 μm were in great extent higher in mass concentration in 
the grate-kiln compared to the ECF. These coarse particles 
dominantly sourced from the iron-ore pellets.  There were 
insignificant amounts of particles >10 μm collected in the 
ECF.  

From the grate-kiln, PM10, PM2.5 and PM1 from sampling 3 
and 4 at docking depth 50 cm were significantly increased 
compared to sampling 1 and 2 at docking depth 100 cm of 
the particle probe. 

Table 3 Particle mass concentration measured with 
impactor from grate-kiln (from transfer chute) and ECF 
(from position 3). 

Particulate 
Matter a Mass concentration (mg/Nm3) 

Process Grate-Kiln ECF 

Samples b 

Coal 
A+B 

(100)1c 

Coal 
A+B 

(100)2c 

Coal 
A+B 

(50)3c 

Coal 
A+B 

(50)4c 

Coal 
A 

(50) 
 

Coal 
B 

(50) 

PMtotal 
6.61 
×103 

8.88 
×103 

2.21 
×105 

2.22 
×105 - - 

PM10 25.1 59.8 360 334 92.2 107.8 
PM2.5 18.9 26.1 164 166 75.2 95.9 
PM1 8.6 14.8 22.4 27.4 37.5 37.2 
PM0.3 5.6 9.6 9.0 12.4 16.1 13.0 
a PM10 are particulate matter < 10 μm; PM1 < 1 μm; PM2.5 < 2.5 μm;  
PM1 < 1 μm; PM0.3 < 0.3 μm. 
b Coal A+B (50)3 describes sample number 3, docking depth 50 cm 
at the sampling location, both Coal A and Coal B were combusted. 
c Data from [7]. 
 
3.1.2 Short-term deposits from Grate-Kiln and ECF 

Deposits from the grate-kiln were relatively harder 
compared to the deposits from the ECF. Deposits from the 
grate-kiln consist of fragments from iron ore pellets to a 

large extent. The deposits consist of fine grained hematite 
particles embedded in a molten phase. Moreover, minerals 
such as anorthite (CaO Al2O3 2SiO2), mullite (3Al2O3 2SiO2), 
cristobalite (SiO2) and quartz (SiO2) were also observed by 
XRD in the short-term deposit from the grate-kiln [3]. The 
fine grained hematite particles appear as bright particles in 
Figure 8 (a), while greyish particles are either a molten 
phase or additive particles from the pellets. 

Deposits from the ECF consisted of coal ash in different 
features as irregular melt forms, ferrospheres, cenospheres, 
porous particles and angular particles of quartz. The high 
density ferrospheres appeared as the bright spheres in 
Figure 8 (b), while greyish particles and melts were mostly 
rich in Si, Al, Fe and Ca. Noted that the image shown in 
Figure 8 is from combustion of both coal A and B therefore 
a mixed characters from both coals can exhibit in the ash 
particles. 

 

 
Figure 8 Back scattered ESEM images, overview of (a) short-
term deposits (epoxy-casted) from grate-kiln plant, Coal 
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A+B; (b) short-term deposits as fragments of coal ash from 
ECF, Coal A+B.  

3.2 Molten phases in particles and deposits 
Molten phases were found in the flue gas from the grate-

kiln and ECF. These molten phases adheres different type of 
particles forming larger clusters of particles (see Figure 9). 
This phenomenon was observed in cyclone particles from 
the grate-kiln, and also in short-term deposits from the 
grate-kiln and the ECF. These molten phases appeared 
either as irregular shape with greyish smooth surfaces or as 
coalesced greyish spheres in the ESEM images Figure 9 (a)-
(b). Fine grained iron oxide particles embedded in the 
molten phase was observed in Figure 9(a).  The average 
chemical compositions of molten phases are presented in 
Table 4.  
 
Table 4 Average chemical compositions with ± standard 
deviation of molten phases (given as oxidesa) in cyclone 
particles and short-term deposits. 
 Molten phases (Wt %) 
Process Grate-Kiln ECF 
Position Transfer chute Position 3 (P3) 

Particles 
Source

Pellets and coal ash Coal ash 

Sample 
Source

Cyclone 
particles

Deposits Deposits Deposits Deposits 

Coal Coal 
A+B 

Coal 
A+B 

Coal 
A 

Coal  
B 

Coal 
A+B 

SiO2 40 ± 2 16 ± 8 62 ± 4 58 ± 8 50 ± 6 
Al2O3 35 ± 5 11 ± 5 29 ± 2 26 ± 6 29 ± 7 
CaO 4 ± 6 17 ± 7 5 ± 5 9 ± 6 10 ± 5 
Fe2O3 15 ± 5 53 ± 10 2 ± 1 3 ± 1 8 ± 6 
K2O 2 ± 1 0 1 ± 0 3 ± 2 1 ± 0 
Na2O 3 ± 1 1 ± 2 0 ± 1 0  1 ± 0 
P2O5 2 ± 1 2 ± 2 1 ± 2 0  1 ± 1 
a Chemical contents were expressed as oxides do not necessarily 
mean they are in that actual forms of oxides. 

 
There is a large difference in composition of the molten 

phases between samples from the grate-kiln and the ECF. 
Molten phases in deposits from the grate-kiln have a much 
higher Fe2O3 content, about 50 wt %, as well as a significant 
higher CaO/(SiO2+Al2O3) ratio, see Table 4. Molten phases in 
cyclone particles (Dp >6 μm) that sampled with the particle 
sampling system showed a significant content of SiO2, Al2O3, 
Fe2O3 followed with CaO, Na2O, K2O and trace of P2O5.  

Molten phases in coal B deposits from the ECF showed a 
slight increase in CaO content compared to coal A. As for 

the molten phases obtained from the ECF mixed coal, it 
showed a combined effect of both coals. 

 

 
Figure 9 Back scattered ESEM images, overview of molten 
phases (marked as M) in the short-term deposits from (a) 
grate-kiln, Coal A+B; (b) ECF, Coal A+B.  

4. DISCUSSION 
Particles from the grate-kiln plant consisted of both iron-

ore pellets and coal ash [7], while particles from the ECF 
contained of solely coal ash. The presence of disintegrated 
particles of iron ore pellets in the deposit was observed in 
impactor stage 10, cyclone particles and in the short-term 
deposits from the grate-kiln plant [3].  

Due to practical reason, mixing of coal fuels at the coal 
feeding step in the grate-kiln was not as precise as for the 
ECF; this mixing variable could directly result in varying ash 
forming matters either from coal A or from coal B. However, 
with ECF the combustion of individual coal A and coal B 
allow their separate characteristics to be evaluated in this 
work. 
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4.1 Particle characterisation 
4.1.1 Submicron mode 

From Table 3 and Figure 5, it can be seen that Na, K and Cl 
contents in submicron mode were not as significant in the 
ECF as in the grate-kiln. In the grate-kiln, inorganic vapours 
of Na, K and Cl are suspended in the flue gas and travel 
across the kiln to the PH zone (Figure 1). When they follow 
the gas stream and forcefully pass through (induced by a 
fan) the pellets bed at the TPH and PH zone with a lower 
temperature, a fraction of these alkali most likely can 
deposit on the surface of the iron ore pellets. These 
deposited particles (Na, K, Cl) will then be transported 
together with the pellets along the descending rotary kiln at 
increased high temperature. As they are transported nearer 
to the flame, the alkali gas species that had earlier been 
deposited on the pellets can then re-vaporise again due to 
the high temperature in the pellets bed in the kiln. Thus 
results in a circulation of Na, K and Cl within the process. It 
cannot be excluded that the iron ore pellet itself can also 
contribute to the increased contents of Na, K and Cl.  

The content of Al in submicron mode was significantly 
lower in the grate-kiln compared to the ECF. However, to 
explain these differences more investigation is required. 
 
4.1.2 Coarse mode 

The main difference of the coarse particles on impactor 
stage 10 between the grate-kiln and ECF was the significant 
presence of Fe from iron ore pellets particles in the grate-
kiln samples (Figure 6). The transformed mineral ash 
particles appeared either as spherical particles or as fused-
irregular particles on impactor stage 10. The coarse particles 
mode in the grate-kiln consists of a variety of particle 
morphologies, while the same particle mode from the ECF 
consists mostly of spherical particles. The spherical shapes 
of these coarse particles reveal that they had been in a 
molten state in the high temperature process.  

4.2 Short-term deposit characterisation 
Angular particles from iron-ore pellets that were trapped 

in the deposits most probably originated from the 
fragmentation and abrasion due to the mechanical strength 
and contact mechanics of pellets during transportation 
through the grate-kiln and cooler. Pellets dust that 
entrained in the process gas can cause deposit built-up with 
the molten phase in the grate-kiln process. There was a 
molten phase observed in cyclone particles (>6 μm) from 
the grate-kiln, it adheres to particles and forms larger 
clusters in a similar way as shown in the short-term deposits 
in Figure 9. This gives a clue to the initial deposition 
mechanism that consequently develops larger deposits in 
the process. 

Comparing the short-term deposits obtained from the 
grate-kiln to the ECF, the short-term deposits on the ECF 
deposition probe at position 3 (~1150 °C) appeared not to 
adhere strongly to the refractory plate and were also less 
sintered, while the deposits on the grate-kiln deposition 
probe at the transfer chute (~1150 °C) adhered strongly to 
the refractory plate. 

From the grate-kiln, the chemical composition of molten 
phases in the deposits showed a higher content of Fe 
(expressed as Fe2O3 in Table 4) and a higher CaO/ 
(SiO2+Al2O3) ratio compared to the ECF. Chemical 
thermodynamic calculation using FactSage [10] showed that, 
this specific molten phase from the grate-kiln has a lower 
viscosity compared to the molten phases from the ECF. This 
agrees with the literature stating that high iron oxide 
content in coal ash slag can predominantly influence the 
viscosity and flow characteristic, as the iron oxide can act as 
a fluxing agent in the slag. The presence of alkaline-earth 
oxides (in this case CaO, see Table 4) can also decrease the 
viscosity in alumino-silicate melts [11]. The low viscosity of 
the molten phase from the grate-kiln makes it easier for the 
melt to flow readily and fill in the gap between the nearby 
particles, which consequently contributes to harder and 
denser deposits. On the contrary, the relatively higher 
viscosity of the molten phases in short-term deposits from 
the ECF results in lower flow ability of the melt, which only 
stays locally in the deposits. This explains the higher 
porosity and the lower adhering strength of the ECF short-
term deposits to the sampling surface of the deposition 
probe.  

The main difference between the molten phase from the 
grate-kiln and ECF was the increased Fe and Ca contents in 
the molten phase from the grate-kiln. The fine pellet dust 
that entrained in the recuperated gas and recirculated from 
the cooler back to the grate-kiln (Figure 1) can most likely 
contribute to the increased Fe and Ca contents in the 
molten phase. Fe can originate from either iron ore pellets 
dust or from calcium ferrite (Ca2Fe2O5) formed in the iron 
ore pellets. It could not be excluded that the increased Fe 
content in the molten phase in short-term deposit from the 
grate-kiln to some extent can be due to longer sampling 
time, i.e. 14-16 hours in the grate-kiln compared to 60-75 
minutes in the ECF. The longer sampling time may enhance 
the share of Fe particles that are dissolved in the molten 
phase.  

The molten phase in the deposits from the grate-kiln 
could have as high Fe2O3 contents as >50 wt%. According to 
the chemical thermodynamic calculation [10], this increased 
content of Fe2O3 is completely soluble in the molten phase 
at 1350 °C, which is a pellet temperature that can be 
reached in the kiln.  

Crystallization of fine grained iron oxide in the molten 
phase in the short-term deposit samples can be the 
consequent effect of decreased temperature in the melt 
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after in-situ sampling when the samples were cooled down 
to room temperature, as observed in Figure 9(a).  

5. CONCLUSION 
Two different coals were combusted both in a full-scale 

grate-kiln plant and in a pilot-scale pulverised coal-fired 
furnace (ECF).  The ECF is designed as a scaled-down grate-
kiln for combustion testing. Particle and short-term deposit 
samplings were carried out in both appliances. Dust 
originating from iron ore pellets was only present in the 
grate-kiln as there was no flow of iron ore pellets in the ECF.  

The results showed that Na, K and Cl contents in 
submicron mode were higher in the grate-kiln than in the 
ECF, due to the alkali circulation in the grate-kiln. The 
coarse mode particles (2.6-4.2 μm) sampled from the grate-
kiln contained significantly more Fe, originating from the 
iron ore pellets. The presence of coarse particles (>6 μm) 
was substantial (>96 wt% of the total particle mass) in the 
grate-kiln but insignificant in the ECF.  

Short-term deposits from the grate-kiln were harder and 
denser compared to the short-term deposits from the ECF.  
The short-term deposits from the grate-kiln consist of a 
variety of particles from both iron-ore pellets and coal ash 
particles embedded in an iron rich silicate molten phase. 
Short-term deposits from the ECF are porous and consist of 
coal ash particles embedded in a silicate molten phase. The 
molten phase in short-term deposits from the grate-kiln has 
a higher Fe content and CaO/(SiO2+Al2O3) ratio than the 
molten phase from the ECF short-term deposits. Chemical 
thermodynamic calculation with FactSage [10] showed that 
this molten phase in short-term deposits from the grate-kiln 
has a lower viscosity (flow more easily) compared to the 
molten phase in short-term deposits from the ECF.  
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