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Cover photo: Secondary-electron SEM images of the particles found in the grate-kiln process. 
Significant number of coal ash globules were abundantly found attached to the surface of the 
hematite dust particles.
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Abstract 
Fly ash particles from the combustion of coal together with disintegrated particles arising from iron-
ore pellets result in accumulation of deposits on the refractory linings of the grate-kiln induration 
machine during the iron-ore pelletizing process. Deposit formation gives rise to decreased production 
efficiency, unscheduled shutdowns, high cleaning costs, and equipment failures. The deposits amass in 
the high-temperature regions of the induration furnace thus disturbing the flow of gas and pellets. 
Therefore, to tackle the above-mentioned issues, an understanding of deposit formation mechanism is 
of crucial importance. In contrast to pulverized-fuel-fired boilers, a grate-kiln process is characterized 
by a longer residence time, a highly oxidizing atmosphere, the presence of recirculating alkalis and 
disintegrated iron-ore pellet dust in the process gas. Given the foregoing, ash deposition phenomena in 
the grate-kiln process are much more complex compared to ordinary pulverized-fuel-fired boilers. This 
study was conducted with the objective of addressing the effect of disintegrated iron-ore pellet dust on 
deposit formation and the mechanisms behind deposition (slagging) in the grate-kiln process. 

Because of climate change and other pollution concerns, there is a desire to reduce on the combustion 
of carbon-intensive fuels. Moreover, as previously mentioned, the ash material from coal together with 
the disintegrated pellet dust cause deposition and slagging in rotary grate kilns, which can inflict 
severe production losses. For these reasons, it is of interest to study the potentials of co-firing coal 
with alternate fuels such as woody biomass. While the combustion of such woody biomass can be 
carbon-neutral, their effects upon deposition and slagging during co-firing with coal in a grate-kiln is 
unknown. Therefore, co-firing coal and woody biomass (softwood bark) was also thermodynamically 
investigated with particular emphasis on the effect of alkali recirculation upon deposition (slagging).  

To initiate elucidation of deposit formation during the iron-ore palletization process, a comprehensive 
set of experiments was conducted in a 0.4 MW pilot-scale pulverized-coal-fired furnace (ECF) where 
three different scenarios were considered as follows; Case1 (reference case): a high-rank bituminous 
coal was combusted without the presence of disintegrated iron-ore pellet dust. Case2: Natural gas was 
combusted together with simultaneous addition of hematite dust to the gas stream. Case 3: Coal was 
combusted together with the addition of hematite dust simulating the situation in the large-scale setup. 
Particles and short-term deposits were sampled from 3 positions of different temperature via a water-
cooled rapid dilution sampling probe. Several characterization methods coupled with thermochemical 
equilibrium calculations (TECs) and viscosity estimations were employed to shed light on deposit 
formation and the mechanisms behind it in rotary kilns of iron-ore pelletizing plants. The most 
extensive interaction between hematite dust and coal-ash particles was observed in the coarse mode 
where a significant number of coal ash globules were abundantly found attached to the surface of the 
hematite particles. The morphology of the sharp-edged hematite dust particles was changed to smooth-
edged round particles suggesting that hematite dust particles must have interacted with the 
surrounding aluminosilicate glassy phase.  Consequently, the Fe content of the aforementioned glassy 
phase experienced a considerable increase. The short-term deposits during coal combustion (Case1) 
were highly porous in contrast to the high degree of sintering observed in the experiments with 
hematite addition (Case3). The incorporation of Fe into the aluminosilicate glassy phase (liquid 
fraction) decreased the viscosity and resulted in the formation of stronger (heavily sintered) deposits. 
The results suggested that hematite dust slagging tendency was independent of temperature, within the 
studied temperature-range (approximately 1100-1500 ºC), and required an auxiliary phase-provided by 
coal-ash- to form tenacious particles and cause slagging. In light of the experimental observations and 
TECs, a scheme of slag formation during the iron-ore pelletizing process was proposed.  

The TECs carried out for the woody biomass/coal blends indicated that that woody biomass is likely to 
increase the fraction of molten slag and exacerbate slagging when the molar ratio of Si/Ca > 2 
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(equivalent to addition of more than 30 wt.% woody biomass, i.e. bark). However, when the 
abovementioned molar ratio is less than 2 (equivalent to addition of less than 10 wt.% bark), the 
fraction of molten slag increases by about 10 wt.% which does not seem to promote slagging 
extensively and can serve as a reasonable experimental blend.  

Overall, this work forms part of a wider study which aims at deepening the understanding of ash 
transformation phenomena during the large-scale pelletizing process. The findings from the current 
work are necessary to pave the path towards achieving the aforementioned goal.  
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1. Introduction 

1.1. Background 

1.1.1 Iron-ore pelletizing  
Iron ore is one of the most important natural resources with a reportedly annual mining rate of 
1600 Mt in 20101, 2. In 2010, 25% of the mined iron ore was transformed into iron ore pellets2, 

3. Iron-ore pelletizing is a process that involves mixing particles of iron-ore fines with 
required additives and then shaping them into oval/spherical lumps in a pelletizer followed by 
hardening/sintering of the resulting iron-ore balls through fuel firing. The uniformly-sized 
iron-ore pellets can be charged into blast furnaces or furnaces used in the production of Direct 
Reduced Iron (DRI). Iron ore pellets primarily consist of iron oxides with small amounts of 
various additives and a specific binder all of which are intended to improve the mechanical 
and metallurgical properties of the pellets. Unlike most of the pelletizing plants that use 
hematite concentrates, the Swedish iron ore company LKAB (Luossavaara-Kiirunavaara 
Aktiebolag) uses magnetite concentrates for production of commercial iron ore pellets. Finely 
ground moist magnetite concentrate (delivered from the on-site concentration plant) is shaped 
into small spherical pellets (green balls) of 10-14 mm in diameter in rolling drums. The 10−14 
mm (in diameter) ‘’green’’ pellets are then to be sintered in an induration machine4, 5. The two 
most commonly-used processes for pelletizing are the travelling-grate process [commonly 
used for hematite (Fe2O3) mined ore], and the so-called grate-kiln process which is often used 
for magnetite (Fe3O4) mined ore. In the travelling-grate process, pellets are transported on a 
moving grate (in a stationary bed) undergoing drying, oxidation, sintering, and cooling which 
all occur on the very same grate. On the contrary, the grate-kiln process (which is the focus 
here) uses a shorter grate, and oxidation/sintering take place both on the grate and in the kiln 
which is a rotating cylindrical furnace (similar to that used in cement production) that allows a 
more homogeneous sintering of the pellets with the pellets’ total residence time of 
approximately 30 minutes6. 
 
Fig. 1 shows a schematic of a commonly-used grate-kiln setup located in the 40 MWth 
pelletizing plant KK2 (LKAB No.2 installation in Kiruna, Sweden) owned by the Swedish 
mining company LKAB. The machine consists of a 60 m long grate along which green pellets 
undergo drying, preheating, and partial oxidation. The grate is divided into four distinct 
zones: the updraft drying (UDD), down draft drying (DDD), temperate preheat zone (TPH), 
and the preheat zone (PH). The gas temperature should not exceed a certain level in the UDD- 
and DDD-zones, otherwise, explosive evolution of steam results in extensive disintegration of 
the pellets. However, the temperature in the TPH- and PH-zones should also not reach a 
minimum level to avoid the production of poorly-sintered pellets (poor strength). Except for 
the up-draught flow in the first zone, air flow throughout the bed is downdraught in all the 
other zones. The gas temperature in the UDD- and DDD-zones is approximately 100 °C and 
400 °C, respectively. The ultimate drying takes place in the TPH zone where the gas 
temperature reaches up to 1000 °C. The highest gas temperature in the abovementioned zones 
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might even reach up to 1150-1200 °C which is substantially dependent upon the pelletizing 
plant and the pellet type. Heating rate throughout the entire bed is considerably high -
specifically in the upper part of the bed- and within a few minutes temperature can rise from 
100 °C to about 1000 °C. The major part of the oxidation of magnetite to hematite takes place 
along the grate. The aforementioned oxidation reaction is strongly exothermic; hence a 
considerable amount of heat is liberated accordingly. In essence, the oxidation reaction is 
associated with grain growth and recrystallization which contribute to the strength of the final 
product. 

  
Fig. 1. Schematic of the grate-kiln process (modified, with permission from Metso Minerals) 

At the end of the grate there comes a rotating cylindrical furnace (rotary kiln) wherein pellets 
are subjected to sintering at elevated temperatures while tumbling and descending along the 
kiln. After the grate, the strength of the pellets ought to be high enough such that the pellets 
can withstand tumbling in the kiln without sustaining considerable disintegration. 
Accordingly, the amount of dust in the gas stream stands in direct correlation with the 
mechanical strength of the pellets after the grate. Hereinafter, hot flue gas ( 1200 °C) from 
the kiln and cooler together with the exothermic energy from the oxidation of the pellets 
(magnetite to hematite) provide the additional heat required for the sintering process. The 
partially oxidized pellets from the grate are discharged in the transfer chute (marked in Fig. 1) 
and then transported through the rotary kiln. Estimated temperatures in the kiln are 1200 °C 
at the inlet, while in the burner zone, the temperature reaches 1350 °C and the flame 
temperature reaches up to approximately 1700-1800 °C. Not more than a minor fraction of the 
total oxidation takes place in the kiln since most of the gas flows over the top of the bed, not 
through the bed. However, strong sintering is achieved due to the prevailing high temperature 
throughout the kiln. The kiln is followed by an annular cooler where cold air is blown through 
the sintered -yet partially oxidized- products. 
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To reach an adequately high process temperature in the kiln which is essential for sintering, 
pulverized coal with a thermal power of 40 MW is used as the main fuel, however, fuel oil is 
also used when starting up the kiln and/or when encountering problems with the coal supply1, 

7. 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. 

1.1.2. Ash formation and slagging during the pelletizing process 
Fuel ash particles together with disintegrated iron-ore pellet dust particles accumulate on the 
refractory walls, resulting in the build-up of scaffold deposits, most drastically in the hot areas 
(i.e., fireside slagging) closer to the burner, transfer chute, inside the rotary kiln, and the 
beginning of the cooler7. Consequently, the build-up of these deposits disturbs the flow of gas 
and pellets and eventually results in unscheduled stoppages for mechanical removal of the 
deposited layer. It has also been observed that the accumulated deposits in rotary kilns of 
iron-ore pelletizing plants, not only cause mechanical strains but also degrade the refractory 
lining over time due to high temperature corrosion8. Furthermore, scaffolds adversely affect 
the process efficiency, and quality of the product. 

Effects of coal minerals on ash formation in pulverized-coal-fired boilers have been 
extensively studied9-13, on the contrary, there is a limited understanding of ash deposition 
phenomena in iron-ore pelletizing rotary kilns which explains why there is very limited 
information in this context in the literature14-17. In coal combustion fly ashes form through two 
main mechanisms giving rise to a bimodal particle size distribution. The bulk of the mineral 
matter disintegrates into relatively large ash particles ranging from 0.5 to 20 μm in diameter 
through the fusion of mineral matter on the surface of the burning char particles. However, 
smaller particles (fume particles, <0.5 μm in diameter) form through volatilization and 
subsequent re-condensation of a smaller fraction of the mineral matter and constitute the sub-
micron mode of the particle size distribution18-23. Thereafter, deposits build up from the fly 
ash particles through a combination of the following mechanisms; inertial impaction, 
diffusion of fume, thermophoresis, condensation, and chemical reactions24, 25. 

Compared to solid-fuel-fired boilers, there are similarities along with differences regarding 
ash deposition phenomena in the rotary kilns of iron ore pelletizing plants. In some respects, 
ash transformation mechanisms in the grate-kiln process are relatively similar to those 
occurring in pulverized-coal-fired boilers, specifically in the high temperature regions closer 
to the flame. However, once the ash particles form, their transportation to the surfaces and 
subsequent deposit formation mechanisms can be significantly different than that in 
pulverized-fuel-fired boilers. Several governing factors influence the ash-deposition 
phenomena in pulverized-fuel combustion such as the fuel type (ash composition, melting 
temperature of the ash, and distribution of the mineral matter), not to mention the reaction 
atmosphere, the temperature of the fly ash particles, flow dynamics, the temperature of the 
surface onto which ash-deposition takes place and so forth. Several reviews addressing ash-
deposition characteristics have already been reported in the literature26. Raask explained the 
deposit initiation13, Walsh et al.27 and Baxter et al.28 studied the deposition characteristics and 
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mechanism of growth. Benson et al. outlined the behaviour of ash formation and deposition 
during coal combustion29. Harb et al. predicted ash behaviour using chemical equilibrium 
calculations30, and Hansen et al. measured ash fusibility using differential scanning 
calorimetry31. Naruse et al. investigated the ash-deposition characteristics under high-
temperature conditions32. Steadman et al. gave a thorough review on coal-ash characterization 
by digital image analysis (SEM/EPMA techniques)33. Borio et al.  provided a review on ash 
deposition from a boiler manufacturer’s perspective34. Helble et al. addressed the role of Ca in 
the combustion of low-rank coals35. Bott et al. developed slagging/fouling/corrosion indices, 
to assess slagging, fouling, and corrosion tendencies in combustion36. Zygarlicke et al. 
discussed several modeling approaches to predict the particle size of the generated fly ash37. 
Rosner et al. summarized several recent studies on particle transport mechanisms, and the 
properties of the resulting deposits38. Wagoner et al. and Smouse et al. provided a theory 
regarding the formation of deposits with or without the presence of sticky phases39, 40.  

In contrast to pulverized-fuel fired boilers, a grate-kiln process is characterized by a longer 
residence time, a highly oxidizing atmosphere, and the presence of recirculating alkalis and 
disintegrated iron-ore pellet dust in the flue gas. Given the foregoing, ash deposition in the 
grate-kiln process is a much more complex phenomenon compared to ordinary pulverized- 
fuel-fired boilers and is affected by several factors including the process conditions, the 
chemical properties of iron-ore pellets and coal-ash and their potential interactions with one 
another and with the refractory walls. Concisely, the interaction between fly ash particles 
from the combustion of solid fuels and the inevitably entrained iron-oxide- rich particles 
(arising from the disintegration of iron-ore pellets) makes it a cumbersome task to address the 
respective ash transformation phenomena. This study was inspired by previous investigations 
and findings from previously conducted pilot-scale 7, 41 and full-scale measurement 
campaigns16, 17 which proved there was a considerable difference in the rate of deposition and 
the properties of the resulting deposits when iron ore pellet dust was present. 

 

 

 

 

 

 

 

 



 

5 

 

1.2. Research gaps  
In view of the lack of sufficient informative findings regarding deposition/slagging during the 
pelletizing process, due attention must be given towards identification of the research 
limitations and unresolved issues.  The foregoing is of immediate concern to the business and 
remains a predicament that needs to be solved. The following gives a thumbnail sketch of 
such research questions:  

 As previously mentioned, effects of coal minerals on ash formation in pulverized-fuel-
fired boilers have been extensively studied, on the contrary, there is a limited 
understanding of ash deposition phenomena in iron-ore pelletizing rotary kilns which 
explains why there is very limited information in this context in the literature. 

 There is on no account a valid description of a conceivable mechanism elucidating the 
ash formation and deposit formation phenomena in rotary kilns of iron-ore pelletizing 
plants. 

 What is the role of disintegrated pellet dust in this story? Given that the presence of 
hematite pellet dust is characteristic of the pelletizing process and distinguishes the 
associated slagging issue from slagging in ordinary pulverized-fuel-fired boilers. Does 
coal ash composition have a significant effect on deposition? 

 A distinctive form of alkali accumulation/recirculation occurs in the pelletizing 
machine. Even though, this is a well-known phenomenon in blast furnaces, it remains 
a conundrum in pelletizing that is in want of sufficient information.  

 What is the effect of fuel particle size, residence time, temperature of the burning 
particles and the surface temperature of the furnace walls upon slagging and 
deposition? 

 Biomass!?, would it be applicable, from the deposition/slagging point of view, to 
replace coal with biomass? A blend perhaps? Pros and cons? 
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1.3. Objectives of the thesis 
In light of the foregoing, the overall objective of the current work was to initiate elucidation 
of deposit formation during the iron-ore palletization process in terms of slag formation and 
behavior. Therefore, in order to bring the abovementioned objective to fruition, specific 
objectives were sought after as follows: 

(1) Elucidate the effect of disintegrated iron-ore pellet dust upon deposit formation and 
slagging in rotary kilns of iron-ore pelletizing plants. 

(2) Suggest a scheme/mechanism for slag formation during the pulverized coal-fired iron-
ore pelletizing process with particular emphasis placed on the effect of hematite pellet 
dust upon slagging.  

(3) Predict the effect that woody biomass (when blended with coal) may have upon the 
slagging tendency inside the rotary kiln. This will help provide a theoretical starting 
point for experiments to verify the potential for fuel blending.  
 

2. Materials and methods 
In view of the previously mentioned specific objectives, the following methods and 
procedures were carried out, the detailed description of which is presented in the following 
subsections and also in the appended papers:  

Paper I and II:  

Collection and characterization of particulate matter and deposit specimens from a 
pilot-scale pulverized combustion furnace in a hematite-dust-laden gas stream which 
was intended to simulate the situation in the large-scale induration machine (presence 
of hematite dust). 

Paper II:  

Performing appropriate thermochemical equilibrium calculations/analyses and 
viscosity estimations to facilitate interoperation of the experimental observations 
presented in Paper I. 

Paper III: 

Performing a global thermodynamic equilibrium modelling approach to predict the 
melt formation under varying amounts of hematite pellet dust at different temperatures 
and KOH partial pressures.  
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2.1. Description of the Experimental combustion furnace (ECF) 
The 0.4 MW pilot-scale pulverized coal fired furnace, owned by the iron ore pelletizing 
company LKAB in Sweden, is designed to simulate a downscaled 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 long with the outer- and inner diameter of 1200 mm and 800 mm 
respectively. It is lined with 200 mm-thick refractory bricks and the outer steel mantle has a 
thickness of 10 mm. Heated secondary air of ~1100 °C is supplied to the ECF kiln via two 
perforated ceramic sections that are located above and below the burner. Unlike the rotary 
kiln, the ECF does not rotate, and the sampling locations were positions P1, P2, and P3 as 
marked in Fig. 2. The operating conditions used during this campaign are summarized in  
Table 1.  

 

Fig. 2. Experimental Combustion Furnace (ECF) 
 

Table 1. Applied kiln operating conditions 

 Flow rate Temperature ( C) 

Transport air flow 26 Nm3/h = 0.00934 kg/s 27 

Primary air flow 167 NL/min = 0.0036 kg/s 27 

Secondary air flow 2200 Nm3/h = 0.79 kg/s 1080 

Coal flow 48 kg/h = 0.01333 kg/s 27 

Hematite dust flow 0 or 20 kg/h  

Partial pressure of oxygen = 0.16 
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2.2. Ash chemistry and mineral analysis of the coal and pellet dust 
Chemical analyses of the high rank bituminous coal and disintegrated pellet dust used in this 
study are shown in Table 2. The pellet dust was collected from the full-scale process where 
complete oxidation of magnetite to hematite was ensured. In this study, X-ray 
fluorescence (XRF) was carried out at LKAB’s laboratories to determine the chemical 
composition of the pellet dust. X-ray diffraction (XRD) proved that over 97 wt.% of the 
collected pellet dust consisted of hematite (Fe2O3) together with minor crystalline phases 
containing Si, Mg, Ca, Al, followed by traces of other elements as listed in Table 2. Given the 
foregoing, the following two terms, namely, ‘’pellet dust’’ and ‘’hematite dust’’ are 
equivalent and hereinafter used interchangeably. Quantitative mineralogy of the coal was 
carried out using the X-ray diffraction facility located at CSIRO’s North Ryde laboratories 
(Table 3)42. Ash samples for X-ray diffraction (XRD) were prepared to enable low 
temperature ashing (LTA) at approximately 120 ºC in an RF-excited oxygen plasma. 
Quantification of the mineral phases was carried out using the SIROQUANT software 
package developed by CSIRO. The accuracy of the results is dependent on the percentage of 
the mineral phases present in the coal in question.  

Table 2. Chemical compositions of the coal and pellet dust 

Fuel / Pellets Coal  Pellet dust 
Proximate analysis (wt.-% as received) 
 
Volatile matter 20.96 - 
Fixed carbon 60.34 - 
Moisture 6 11.2 
Ash (fuels) / Minerals (pellets) 12.7 88.8 
 
Ultimate analysis (wt.-% dry) 
C 74.6 - 
H 3.9 - 
N 1.4 - 
O (by difference) 6.26 30.60 
Cl 0.01 <0.002 
S 0.33 <0.001 
Effective heating value (MJ/kg) 29.34 0.5139 
 
Elemental analysis (wt.-% dry) 
Si 3.63 0.98 
Al 2.14 0.12 
Fe 0.21 66.91 
Ca 0.09 0.33 
K 0.05 0.03 
Mg 0.03 0.90 
Mn 0.01 0.06 
Na 0.01 0.03 
P 0.05 0.025 
Ti 0.07 0.09 
Ba 0.03 - 
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Table 3.  Mineral phases of the coal (Low temperature ashing)42 

Mineral phase Chemical formula 
 
Mass fraction (wt.%) 
 

Ash yield, wt.%  15.4 
Quartz SiO2 19.5 
Kaolinite Al2Si2O5(OH)4 63.5 
Illite (K, H3O)(Al, Mg, Fe)2(Si, Al)4O10 [(OH)2, (H2O)]  10.2 
Siderite FeCO3 2.0 
Calcite CaCO3 0.8 
Fluorapatite Ca5(PO4)3F 3.2 
Goyazite SrAl3(PO4)2(OH)5·(H2O) 0.8 
Sum  100 

2.3. Particle sampling system 
Particle samples were sampled from 3 different positions (P1, P2, P3) via a water-cooled rapid 
dilution sampling probe. The sampling locations are marked in Fig. 2. The particle sampling 
system used in this study is presented schematically in Fig. 3. The water jacketed stainless 
steel particle probe was constantly cooled during the samplings to avoid deformation of the 
probe due to the high process temperature ~1200-1350 °C. The entire body of the probe was 
water-cooled and made of stainless steel (EN 1.4436). 
 

 
Fig. 3. Schematic of the particle sampling system 

 
The probe had an L-shaped end to allow isokinetic sampling, i.e., parallel to the main gas 
stream43, and pure nitrogen gas was added directly at the probe tip for dilution and cooling the 
hot flue gas down to a temperature of ~100 ºC. Due to this rapid dilution, the gaseous species 
of inorganic vapor nucleate and form very small particles which, according to a previous 
study, do not have any significant interaction with larger particles that already exist in the 
sampled flue gas44. The degree of dilution was controlled by a needle valve which was 
intended for adjusting the flow of nitrogen gas into the particle probe. The dilution factors 
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used in this study were in the range of 16-35 (calculated as the ratio of the oxygen content in 
the actual flue gas at the sampling point to the oxygen content in the diluted flue gas). The gas 
temperature after dilution at the probe tip was in the range of 80 -100 °C which was measured 
by a commercial K-type thermocouple with an outer diameter of 1.5 mm.  
A pre-cyclone with a cutoff size of ~16 μm was used directly after the particle probe to 
separate the large particles from the gas flow, subsequently, the flow would enter a 13-stage 
Dekati-type low pressure impactor (LPI) that would size-classify the particles with respect to 
their aerodynamic diameter in the range of 0.03-11 μm. The low-pressure impactor operates 
based on the principles of inertial impaction43, 45, and the substrates used in all the 13 stages 
were aluminum foils. The cutoff diameters of the 13 stages are (from 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 μm. The last (bottom) plate 
of the impactor works as a sonic opening adjusting the gas flow at approximately 18 L/min 
throughout the LPI. After the LPI a manometer was used to monitor the pressure and ensure 
proper operation of the LPI. A pump was used after the manometer for initiating the sampling. 
At the end of the particle sampling system, an infrared (IR) gas analyzer (type NGA 2000) 
was used to monitor the concentration of O2, CO2, CO, SO2 and NOx simultaneously during 
the sampling intervals. Repeated samplings were carried out at all three positions during the 
ECF campaign. 

2.4. Deposit sampling and temperature measurements 
An uncooled hollowed cylindrical ceramic (high purity alumina) tube with a length of 100 
mm and an outer diameter of 12 mm (inner diameter ~8 mm) was mounted at the tip of the 
water-cooled probe to collect short-term deposits so that the fly ash particles would hit the 
surface of this ceramic tube and a mass of deposited matter would form and accumulate on 
the wind-side of the ceramic tube, primarily due to inertial impaction. The probe, 
thermocouple, and the ceramic tube are presented in Fig. 4.  

 
Fig. 4. Experimental setup for the deposit sampling system and temperature measurements 
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During each deposit sampling, the probe was inserted through each sampling point 
perpendicular to the gas stream. 1.5 mm K-type thermocouples were used to measure the 
temperature of the ceramic tube surface and the deposited layer. The temperatures of the 
deposits were measured at all three positions for a period of 30 minutes during each sampling. 
Note that particle and deposit samplings were always carried out with simultaneous 
temperature measurements. 

2.5. Experimental procedure 
The particle sampling system (the pre-cyclone and low-pressure impactor) was operated for 
30 minutes during each sampling and temperature was measured simultaneously. The flue gas 
velocity could be up to 12 m/s at the sampling points estimated from a model based on 
computational fluid dynamics. The probe was docked at a depth of 0.5 m (approximately in 
the middle of the cylindrical experimental combustion furnace) during the entire particle and 
deposit sampling tests, and temperature was measured simultaneously at the same insertion 
depth. The sampling time for the collection of deposits at each measurement point was also 30 
minutes.   
 
To generate an amount of hematite dust equivalent to that generated and dispersed in the full-
scale induration machine, the required dust amount was calculated based on our measured 
dust concentration of 10000-15000 mg/Nm3 in the full-scale grate-kiln induration furnace 
[LKAB Kiruna Kulsinterverk 2 (KK2), Sweden]. To achieve similar dust concentrations in 
ECF, 22-32 kg/h of hematite dust was needed to be fed. During the ECF campaign a hematite 
dust feeding rate of 20 kg/h was chosen. The dust was fed into the ECF by allowing the dust 
to fall into a vertical pipe from the upper hood. The dust then ended up in a funnel that was 
connected through a shorter pipe to a 20-mm hole that had been drilled just outside the 
secondary air inlet. The dust was expected to be distributed in the furnace (in the direction of 
the flame) due to the high flow of secondary air. After each sampling, the low-pressure 
impactor and the pre-cyclone were carefully detached and the collected particles were stored 
in proper containers. The deposits impacted on the surface of the ceramic tubes during each 
sampling were also carefully stored in a desiccator. 
 
All 13 impactor substrates (from the particle sampling tests) and all ceramic tubes (from the 
deposit sampling tests) were weighed before and after each sampling to determine the mass of 
the collected particles. The particles collected in the cyclone were also weighed after each 
sampling for determination of the collected mass. The impactor substrates, cyclone particles, 
and the short-term deposits were stored in a desiccator after each test and before they were 
analyzed employing several characterization techniques.  
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During the ECF campaign three different scenarios were considered as follows: 
Case 1: Coal was combusted with the operating conditions listed in Table 1 (without the 
addition of hematite dust). 
Case 2: Natural gas was combusted with the same thermal throughput as the coal-fired runs 
i.e. 0.4 MW, and 20 kg/h of hematite dust was added to the gas stream as explained earlier 
and listed in Table 1.  
Case 3: Coal was combusted together with the addition of hematite dust as listed in Table 1. 

2.6. Characterization techniques 
All samples including the particles collected with the low-pressure impactor, pre-cyclone 
(cyclone particles), and the deposits (impacted on the ceramic tubes) were analyzed using a 
Merlin (Carl Zeiss NTS, Germany) Field Emission Scanning Electron Microscope (FE-SEM) 
equipped with Schottky field emitter and energy-dispersive spectroscopy (EDS). Impactor 
stages 1 and 10 with the cutoff diameter of 0.03 μm and 2.6 μm, respectively, were chosen for 
characterization, based on the significant number of particles impacted on the 
abovementioned stages. Several EDS point analyses (more than 30) were carried out on the 
selected impactor stages, the cyclone particles, and also on the cross-section of the sampled 
deposits. For the average bulk elemental composition, best populated areas were analyzed by 
EDS for the impactor particles and cyclone particles. To sidestep the aluminum signal emitted 
from the impactor’s aluminum substrates, the particles from the impactor and also the cyclone 
particles were carefully transferred from the aluminum substrates onto adhesive carbon tabs 
prior to microscopy. Since carbon tabs were used the results from the energy dispersive 
analysis are all reported on an oxygen and carbon free basis. To avoid overestimation of the 
Fe signal due to the bouncing effect coming from the adjacent Fe-rich particles in all of the 
hematite-pellet-dust containing samples, accelerating voltage was set at 10 kV. This is a 
relatively low voltage, yet reliable enough to obtain signals from the elements of interest with 
reasonable counts. All micrographs were recorded under the low-vacuum mode, mainly using 
a secondary electron detector, however, a backscatter electron detector was also used for some 
of the samples in this study and also during the automated minerology which will be 
explained later. 
 
Cross-sections of the deposit samples were prepared for SEM-EDS analysis employing epoxy 
resin casting, the resulting mould was then polished down to a desirable size.  
Automated mineralogy analysis was performed on the cross-section of the sampled deposits 
to identify and quantify different phases based on compositional contrast and elemental 
composition using INCAMINERAL coupled to a Merlin (Carl Zeiss NTS, Germany) Field 
Emission Scanning Electron Microscope (FE-SEM). INCAMINERAL is a set of plug-ins and 
external routines that have been developed to allow automated mineral liberation analysis 
using the particle analysis software INCAFeature developed by Oxford instruments. It 
encompasses an advanced particle analysis solution together with stage automation for the 
determination of mineralogy via automated classification schemes based on compositional 
and morphological information46. More than 8000 EDS point analyses for each deposit 
sample were performed. 
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Cyclone particles were size classified using a laser diffraction instrument CILAS 1064 in the 
range of 1 to 500 μm. Particles were suspended in deionized water, in order for the particles to 
be evenly distributed, the solution was continuously stirred, the particles were then size 
classified by means of a laser beam based on their diffracted patterns.  
 
XRD was only used for characterization of the deposits sampled with the ceramic tubes and 
not for the particles collected by the particle sampling system. XRD data were recorded by 
means of a PANalytical EMPYREAN X-ray diffractometer operating in the Bragg– Brentano 
geometry using Cu Kα radiation. The diffractograms were recorded in a 2θ range of 10–90°. 
For qualitative phase analysis Crystallographica software and ICDD (International Centre of 
Diffraction Data) PDF-4 (2014) database were used. For quantitative phase analysis, the 
Rietveld method was employed using SiroQuant, Version 4. Inductively coupled plasma mass 
spectrometry (ICP-MS) was performed on the sampled deposits to ensure reliability of the 
point analyses by means of energy dispersive spectroscopy. ICP was not performed for the 
particles collected with the particle sampling system (i.e., fine particles and cyclone particles). 
Bulk solid deposit samples were fused with LiBO2 and dissolved with nitric acid according to 
ASTM D3682, before inductively coupled plasma (ICP) with sector field mass spectroscopy 
(SFMS) was used to quantify the overall elemental composition, according to SS EN ISO 
17294-1, 2 (modified) as well as EPA- method 200.8 (modified). 

2.7. Sinterability tests 
To study sintering and melting behaviour of the sampled deposits, sintering tests were 
performed using a newly developed optical dilatometer Misura HSM-ODHT which 
continuously captures in-situ shadow images of the sample while exposed to heat. It measures 
the change in area (shrinkage) of shadow images (two dimensional) with respect to 
temperature and time during the thermal process. The deposits were ground to a fine powder 
using marble pestle and mortar. The powder was then mixed with deionized water to form a 
slurry, which was then compacted into a cylindrical pellet and dried. Then the sample was 
placed on an alumina plate (15 x 15 mm2) resting on a thermocouple inside the tube furnace. 
The microscope transfers the image of the sample inside the furnace at 5X magnification 
through a quartz window and onto the recording camera. Both oxidizing and reducing 
conditions were used, for the reducing condition a mixture of 60 volume% CO with 40 vol% 
CO2 was used and for the oxidizing condition the experiments were conducted in pure CO2.  
The samples were non-isothermally heated first at a heating rate of 15°C/min up to 600°C and 
then at a heating rate of 10 °C/min up to 1550 °C which is the maximum temperature the 
instrument can reach. The sintering temperature was defined as the temperature at which the 
area of the pellet (derived from the height and width of the sample as projected to the camera) 
becomes < 99 % of its original area. The characteristic ash fusion temperatures were defined 
according to standardized method DIN 51730 1984. 
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2.8. Thermochemical equilibrium calculations 
Paper II 

The Equilib module of FactSage47, 48 was used to carry out thermochemical equilibrium 
calculations (TECs) based on the minimization of Gibbs free energy of the system in question 
as functions of temperature and composition. Calculations carried out in the present study 
involve fixed and varying ideal-gas partial pressures (i.e. chemical potentials) in order to 
study equilibrium conditions as dictated by the process atmosphere. Mass balance is another 
constraint in this study, and in the calculations, the average bulk chemical composition (see 
Table 6.) of the deposits collected during the campaign was used as input. Varying deposit 
compositions were also tested under the constraints (see Table 1) dictated by the process 
atmosphere (i.e. chemical potentials) with and without addition of hematite dust (see Table2.). 
The databases used in the thermochemical equilibrium calculations were FToxid SLAGA 
with the following chemical species; (oxide melt: Na2O, K2O, Al2O3, SiO2, CaO, FexOy, 
MgO, MnxOy, ZrO2, P2O5), and also FactPS which contains pure stoichiometric gas and solid 
phases. The gas phase (ideal gas) was treated as a perfect mixture. Moreover, numerous solid 
solution phases from the FToxid databse were selected, as many as allowable by the software 
(40-44 solid solutions), then trial-and-error was carried out to rule out selection of 
insignificant solid solutions. The listed phases in this regard are limited to those predicted in 
the results. Even though the FactSage solution databases are generally considered one of the 
most comprehensive available, some noteworthy inconsistencies in the prediction of systems 
containing alkalis persist. For instance, the FactSage databases lack ternary compounds in the 
system CaO-K2O-SiO2 and the interactions between K2O and CaO are assumed to be ideal47, 

48. Even though the amount of alkalis in the current study is insignificant, yet it is important to 
emphasize that the results of thermochemical equilibrium calculations carried out in this study 
are meant for qualitative interpretation of phase transformations and comparison between 
different scenarios in question (e.g. pure coal ash and coal ash + hematite dust), rather than 
obtaining accurate quantitative information. Chemsheet49 was also used to facilitate 
thermochemical equilibrium calculations using thermodynamic databases and models from 
FactSage. The aforementioned databases use quasi-chemical and sub-lattice models to predict 
the thermodynamic properties of multi-component systems from the optimized parameters of 
its binary, ternary and quaternary sub-systems50, 51. For the liquid slag phase a modified quasi-
chemical model has been used in the FToxid database, whereas, the sub-lattice and 
polynomial models have been used for the solid solutions50, 51. The composition of the 
sampled deposits is used as inputs in the thermochemical equilibrium calculations of this 
study instead of the original fuel ash composition. In light of the findings in paper I which 
emphasized the significant role of the coal ash particles in deposit formation, a sequential ash 
transformation scheme is proposed where the composition of the pure coal-ash deposits 
(average bulk composition of the deposits collected in Case 1) is taken as the reference point 
and pellet dust is added to the system. This was meant to study the effect of this 
compositional change (change in deposit composition associated with hematite dust addition) 
on phase equilibrium conditions under the global conditions in the ECF. 



 

15 

 

Paper III  

A thermodynamic database containing molten oxide and solid oxide solutions developed at 
Forschungszentrum Jülich was used for the study52. Data from pure stoichiometric phases, 
including gases, were taken from FactSage 7.147, 48. Chemsheet49 was used to evaluate the 
formation of molten slag based on minimisation of Gibbs energy. The analysis is limited to 
the rotary grate kiln, i.e., consequences of downstream sections will not be considered. 

There are three main material variables in relation to the coal ash that can affect the amount of 
molten slag that is formed. They have been studied in the ranges specified: 

(1) Amount of CaO, from woody biomass ash, varied at 3 levels corresponding roughly to 
0 (reference case), 10 and 30 wt.% bark blending (equivalent to Si/Ca molar ratios of 
approximately 24, 10, and 2, respectively). Ca and K are the dominant ash forming 
elements in typical woody biomass fuels, such as softwood bark and wood. The 
transformation of such ash matter has been extensively studied by Boström et al.53 
During suspension firing, as is in rotary grate kilns, Ca is likely to be dispersed from 
woody biomass as small micron-sized CaO particles, while K is likely gaseously 
released, mainly mono-atomically or as KOH, the latter of which is the most stable K-
containing gaseous compound released under combustion environments54. Depending 
on the kinematic behaviour of these species and those inherent to the existing rotary 
grate kiln process, depositions and subsequent slag may form inside the rotary grate 
kiln. 

(2) Addition of Fe2O3 dust (from recirculation), varied from 0 to 1 g/g of the actual 
deposits collected from the ECF runs (see Table 6). Unlike the calculations in Paper II, 
pure Fe2O3 was used in the calculations and the minor elements in the hematite dust 
(see Table 2) were not considered.  

(3) Atmosphere with KOH(g) (from recirculation and woody biomass), from < 1 ppm to 
10000 ppm under the prevailing oxidizing conditions in the kiln (i.e. 16 vol% O2) and 
at atmospheric pressure.  

(4) Temperature is also critically important to slag formation at different sections in the 
rotary kiln. Based on the deposits collected from the pilot-scale experimental study, 
the temperatures studied were 1150, 1250, 1350 and 1550 °C. 
 

2.9. Viscosity estimation 
Viscosity models are employed in various industries to predict the viscosity of a given slag, 
however, the models are only applicable to a certain range of compositions and process 
atmosphere, no wonder their performance cannot be readily assessed. In the present study, the 
viscosity models used in this study include the Watt-Fereday, Lakatos, Streeter, BBHLW, 
Duchesne, Bomkamp, S2, Kalmanovitch-Frank, Shaw, Urbain, and Riboud 55, 56. In addition, 
the artificial neural networks model for fully molten slags (ANNliq)57 and also modified 
versions of all of the abovementioned models coupled with the Roscoe-Einstein model (RE 
modification)58 were employed in this work. Roscoe-Einstein modification accounts for the 
presence of solid phases in the slag based on the theoretical relation developed by Roscoe58. 
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Details for the Roscoe-Einstein modification and ANNliq can also be found in Duchesne et al 
59. To select the best models for the specific operating conditions of this study and also with 
respect to the slag compositions (the molten fraction of the deposits as obtained from 
SEM_EDS), actual viscosity measurements were selected from the literature. Over 90 actual 
viscosity measurements -closest to the liquid slag compositions and gas atmosphere 
(oxidizing condition) of this study- were taken from two references55, 60. The absolute 
logarithmic error (AALE)57 for each viscosity model was calculated with respect to the 
difference between the selected measurement data55, 60 and the predicted viscosity values. The 
details and formulas to calculate the absolute logarithmic error are explained by Duchesne et 
al57. On average, the measured value is equal to the predicted value multiplied by 10 to the 
power of the average absolute logarithmic error. Therefore, a smaller AALE error is 
indicative of a better model, hence better predictive performance59. 

Melt composition to be fed to the viscosity models was taken from the data obtained from 
several SEM-EDS and automated minerology analyses coupled with thermochemical 
equilibrium calculations [see Fig. 10- the values in Fig. 10 are in close agreement with the 
results obtained from automated minerology and also thermochemical equilibrium 
calculations of this study (see Table 9)]. A sequential scheme was used such that the average 
elemental composition of the glassy phase taken from SEM-EDS and/or automated 
minerology was fed to thermochemical equilibrium calculations at a relatively wide 
temperature range (above the solidus, 1200-1600 ºC). Thereafter, the resulting liquid 
composition was used as input to the viscosity models. 
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3. Results and discussion 

3.1. Deposit formation in the pilot-scale furnace (Paper I & II) 
The average flue gas temperature measured with the temperature probe during coal 
combustion (with and without the addition of hematite dust; see Table 1) and natural gas 
combustion (where only hematite-pellet-dust was added to the gas stream with the same 
thermal throughput as the coal-fired runs i.e. 0.4 MW), at positions 1, 2, and 3, were 
approximately 1350 °C, 1250 °C, and 1150 °C, respectively. However, due to the deposition 
and coverage of ash upon the alumina tube (alumina shield), the average deposit temperature 
differs from the abovementioned thermocouple readings and depends on the thermal 
conductivity of the alumina tube as well as that of the deposits deposited on the alumina tube. 
Even though the effective thermal conductivity of the deposits can substantially vary 
depending on the degree of sintering and temperature, it is expected to be in the range 
reported in61, 62. The average temperature of the deposits based on the specifications of the 
thermocouples used during the campaign and a deposit thickness of 5 mm, were estimated to 
be approximately 50 °C above the thermocouple readings. Therefore, in the thermochemical 
equilibrium calculations, deposit temperatures of 1400 °C, 1300 °C, and 1200 °C (for deposits 
collected at positions 1,2, and 3, respectively) were considered.   
 

3.1.1. Particle size distribution 
The particle size distribution (PSD) analyzed from the 13 stages of the low-pressure impactor 
(LPI) collected at sampling points 1 and 2, from the three scenarios (Coal, Natural gas + 
Hematite dust, and Coal + Hematite dust, referred to as Case 1, Case 2, and Case 3, 
respectively) are presented in panels a, b, and c of Fig. 5.  

The PSDs from pulverized coal combustion (Fig. 5a) indicate a major mode at the 
aerodynamic diameter Dp ~ 1-10 μm, however, there is a tendency toward the sub-micrometer 
mode at Dp < 0.1 μm as the mass concentration increases slightly for fine particles collected at 
both sampling points. Fig. 5b shows the PSDs for Case 2, as can be seen from the figure, at 
both sampling points, there is a strong tendency toward the sub-micrometer mode at Dp ~ 0.1 
μm, yet the major mode still remains within the interval 1< Dp < 10 μm. The PSDs for Case3 
(Fig. 5c) still include a major mode within the interval 1< Dp < 10 μm, however, there is a 
relatively weak peak (significantly for the PSD at position 1) which can be recognized as a 
minor mode within the interval 0.1< Dp < 0.5 μm. Both PSDs indicate a clear tendency toward 
the sub-micrometer mode at Dp < 0.1 μm, exhibiting a trimodal particle size distribution at 
both sampling points. 

Based on the findings form the current work, a transition from a bimodal PSD to a trimodal 
PSD was observed when hematite dust was added and the elemental bulk composition of the 
abovementioned modes was changed. A similar trimodal particle size distribution was 
observed during the full-scale trial16 which provides substantial evidence to our main 
assumption: there exists extensive interaction between coal ash and hematite dust, ‘’even in 
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the fine mode’’. In essence, the additional mode at 0.1< Dp <0.5 μm could be attributed to the 
coagulation of coal ash fine particles and hematite dust particles. 

 

 

Fig. 5. PSDs from Case 1 (a), Case 2 (b), and Case 3 (c), sampled with the 13-stage LPI 

3.1.2. Morphology and composition of the particles 
Three distinct fragmentation modes were identified based on the aerodynamic particle 
diameter (Dp): (1) The fine mode: Particles with 0.03< Dp < 0.06 μm, (2) The first 
fragmentation mode: Particles with 1< Dp < 10 μm, (3) The second fragmentation mode: 
Coarse particles (cyclone particles, Dp > 10 μm). 

Secondary-electron SEM images of particles from stage 1 (representing the sub-micrometer 
mode) and stage 10 (representing the particles in the range 1< Dp < 10 μm, hereinafter called 
the first fragmentation mode) are presented in Fig. 8 of the appended Paper I. The average 
elemental compositions (in weight percent together with their respective standard deviations 
from several repeated samplings) of the abovementioned selected stages are shown in Fig. 6, 
on an oxygen and carbon free basis. 
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3.1.2.1. Sub-micrometer particles 
In all three scenarios, particles impacted on stage 1, which are supposedly in the particle size 
range 0.03< Dp < 0.06 μm, consist of agglomerated ultrafine spherical particles from 
vaporization and condensation of the more volatile ash species. Theses spheres were found in 
abundance particularly from Case 1 and 3 owing to the presence of glassy spheroidized ash 
globules. In Case 3, agglomerated nanoparticles were most abundantly found at all sampling 
positions together with spherical sub-micrometer particles (originating from coal ash) 
dispersed in ultrafine vaporized Fe particles (Fig. 8 c in the appended Paper I). 

 
Fig. 6. Average elemental compostions (in wt.% with standard deviations) of particles from 
stage 1 and 10 of the impactor on an oxygen and carbon free basis. 
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According to Fig. 6 a, particles from stage 1 in Case 1, irrespective of oxygen, primarily 
consist of Si, Al, Fe, P, Ca, and S, with minor Ti, Mg, K, and Na. For Case2 stage 1 is 
dominated by vaporized Fe (approximately 90 wt.%) with minor V, Si, Na, and traces of Mg, 
K, P, and Al. The number of sub-micrometer particles from Case 2 is lower than that of Case 
1, judging from the respective PSDs (Fig. 5), therefore, for Case 3-which can be thought of as 
the combination of the first two cases- the dominance of coal fly ash composition over 
hematite dust can be expected. Stage 1 in Case 3 is predominantly composed of Si and Fe 
followed by Al, P, S, and Ca with minor K, Mg, Ti, Na, and V. Comparing the three different 
cases in Fig. 9 a, it can be presumably suggested that, in the sub-micrometer mode, Al, P, S, 
and Ca come almost entirely from the coal ash, whereas the rest could originate from both 
coal and hematite dust particles. 

3.1.2.2. The first fragmentation mode  
As shown in Fig. 6 b, this mode for Case1 consists of Si, Al, Fe, Ca, with minor Ti and P, and 
traces of K and Na. The composition of the particles from the first fragmentation mode for 
Case 2 is relatively close to that of the hematite dust presented in Table 2. 

Fig. 7 shows typical particles from the first fragmentation mode for Case 3. Characteristically, 
for Case 3, particles in the first fragmentation mode can be divided into five categories: (1) 
spherical Fe rich particles (Fig. 7 a), (2) unevenly shaped particles rich in Fe with minor 
amounts of Si and Al (Fig. 7 a), (3) spherical coal ash globules with Si and Al as their major 
constituents and minor amounts of Fe and Ca (Fig. 7 b), (4) dense spheres (smaller than coal 
ash globules Dp < 1.5 μm) which are now enriched in Fe as a result of Fe incorporation into 
their glassy texture (Fig. 7 b), (5) uneven particles consisting mainly of Si and Al with the 
stoichiometry close to that of meta-kaolinite presumably formed as a result of disintegration 
of coal clay minerals kaolinite and illite (Fig. 7 b). Elemental analyses showed that theses 
rough-edged particles do not seem to have been affected by the presence of excess Fe 
originating from hematite dust. 
In order to compare the elemental compositions shown in Fig. 6 on a similar basis, the 
elemental compositions should be normalized. Meij et al. normalized concentrations with 
respect to the ash content63, Querol et al. normalized concentrations with respect to a non-
volatile element and calculated the enrichment factors64. Detailed description of the foregoing 
is given in the appended Paper I. The enrichment factors for the elemental compositions 
shown in Fig. 6 are presented in Table 4. 
  
Table 4. Enrichment factors – comparison of Case 3 (hematite dust addition) with Case 1 
(without the presence of hematite dust) for the sub-micrometer and first fragmentation mode.  
Elements  Na K Al Si P S Mg Ca Ti Fe 
Enrichment factors for the sub-micrometer mode 2.3 2.3 1 1.1 1.3 1.2 1.8 1 1 4.8 
Enrichment factors for the first fragmentation mode 1.5 1.1 1 1 1 - 3.4 1 1.2 17.5 
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Any value close to 1 suggests that hematite addition has no effect on the elemental 
composition of that specific element and meaning that the major contributor for that element 
is coal. For instance, considering the enrichment factors of Fe in both the sub-micrometer- 
and first fragmentation modes, it can be clearly inferred that Fe has been significantly 
enriched when hematite dust was added (transition from Case 1 to Case 3). Si, Al, Ca, and P 
(even though to a lesser extent) were not affected as a result of hematite addition and it can be 
suggested that these elements all originate from the coal ash in both modes. In the sub-
micrometer mode Na and K were considerably affected and hematite addition contributed 
significantly (due to condensation of these elements from the gas phase) to the enrichment, 
meaning that alkalis could originate from both hematite dust and coal ash. However, in the 
first fragmentation mode this contribution was less severe, meaning that in the first 
fragmentation mode alkalis (specifically K) mostly originate from the coal ash. Mg could 
originate from both hematite dust and coal ash considering that the hematite dust added 
contained olivine. These results were in close agreement with the hypotheses made in the 
previous study from our full-scale campaign16. 

 

Fig. 7. Secondary-electron SEM images of typical particles from the first fragmentation mode 
for Case 3 (coal + hematite dust).   

3.1.2.3. The second fragmentation mode 
The average bulk elemental composition of cyclone particles for Case 2 and Case 3 from 
multiple runs is presented in Table 5. For Case 3 (Coal + Hematite dust), the second 
fragmentation mode (cyclone particles) consists of semi-molten particles, cenospheres, 
ferrospheres, plerospheres, and porous particles (originating from the coal). However, the 
majority of the cyclone particles sampled with the particle sampling system, appear to have a 
sharp-cornered-unevenly-shaped morphology originating from hematite dust (Fig. 8). 
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Table 5. Average elemental compositions (in wt.%±standard deviation) of the cyclone 
particles  

Cyclone Particles 
Case 2 (Natural gas+ hematite dust) Case 3 (coal + hematite dust) 

Mg 1.3±0.5 0.9±1 

Al 0.2±0.1 7.9±2 

Si 1.4±1 10.7±2 

Ca 0.5±1 1.5±0.5 

Fe 96±2 79±5 

As can be seen in Fig. 8, a significant number of coal ash globules with Dp> 1 μm were 
abundantly found attached to the surface of the unevenly shaped hematite particles, the 
average elemental composition of these molten ash globules in wt.% (on an oxygen and 
carbon free basis) is as follows; ~56% Si, ~18% Al, ~12% Fe, ~7% Ca, ~2% Ti and P, ~1% 
Na, Mg, and K. The abovementioned elemental composition clearly shows that these molten 
globules originate from the coal ash. These ash globules could hypothetically act as glue on 
the surface of the existing larger hematite dust particles, and intensify deposition. The 
foregoing could be thought of as a probable mechanism for deposit formation in rotary kilns. 
 

 

 

Fig. 8. Secondary-electron SEM images of typical cyclone particles from co-combustion of 
coal & hematite dust (Case 3) 
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3.1.3. Morphology and composition of the short-term deposits  
Short-term deposits during coal combustion (Case 1) consists of rod-like crystals surrounded 
by a glassy aluminosilicate phase (Fig. 9a), whereas the short-term deposits from Case 3 (coal 
+ hematite dust), are mostly fused hematite particles embedded in what appears to be a non-
crystalline Fe-rich aluminosilicate glassy phase (Fig. 9b). Fig. 9c shows the short-term 
deposits from Case 3 at a lower magnification. Notice the morphology of the hematite dust 
particles (the white particles in the backscattered image), sharp-edged hematite dust particles 
have now assumed a smooth-edged morphology, and the corners (the previously sharp edges) 
have become rounded as a result of interaction with the aluminosilicate glassy phase. Fig. 9d 
and Fig. 9e are the secondary electron SEM images of the short-term deposits (at a lower 
magnification) collected during coal combustion (Case 1) and coal combustion with the 
addition of hematite dust (Case 3), respectively. 
 
Considerably denser deposits were formed as a result of hematite dust addition and image 
analysis proved that porosity decreased from the average value of 28 area% in Case1 to 8 
area% in Case3. In consequence, unlike the short-term deposits collected in Case1 which were 
brittle and easy to break, the short-term deposits collected in Case3 were considerably 
stronger, hard to break, and hard to remove from the ceramic tube. The average bulk chemical 
composition of the deposits (Case 1 and Case 3) from multiple repeated runs employing ICP 
are given in Table 6. The results are presented in wt.% of the corresponding oxides of the 
elements.  
 
Table 6. Average bulk elemental composition (wt.% given as oxides) of the deposits 

Case 1(coal) Case 3 (coal + hematite dust) 
Positions 1,2,3 Positions 1,2 Position 3 

SiO2 56.2±5 16.7±3 12.5±2 
Al2O3 32.2±4 9.6±2 7.4±2 
CaO 2.4±1 1±0.2 1±0.1 

Fe2O3 5.2±1 69.7±4 82.9±4 
K2O 0.5±0.2 0.2±0.1 <0.09 
MgO 0.8±0.3 1.3±0.2 1.4±0.2 
Na2O 0.3±0.1 0.1±0.1 0.1±0.1 
P2O5 0.9±0.3 0.3±0.1 0.4±0.1 
TiO2 1.6±0.3 0.6±0.1 0.4±0.1 
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Fig. 9. Secondary-electron SEM images of the morphology of the deposits (a) coal 
combustion (b) coal combustion with the addition of hematite dust (c) backscattered SEM 
image of the hematite dust particles surrounded by the aluminosilicate glassy phase (coal + 
hematite dust). (d) secondary-electron SEM images of the deposits in Case 1 (e) secondary-
electron image of the deposits in Case 3.  
 
 
 

(a) (b) 

(c) 

(d) (e) 
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The major inorganic elemental distributions comprising the bulk deposit material (deposits 
collected in Case 1, Table 6) are different from the original fuel ash (coal ash, Table 2). The 
most prominent difference is the enrichment of Si and Al against most of the other inorganic 
elements. S and Cl are depleted in the collected deposits suggesting that these elements along 
with part of Na and K are likely to have formed non-oxide compounds, most of which are 
volatile under the global conditions of pulverized-fuel firing. The significant enrichment of K 
and Na (especially the particles captured in stage 1 of the impactor), with respect to their 
original content in the fuel, supports the abovementioned suggestion. This stems from the 
chemical association of these elements in the fuel along with the high degree of fragmentation 
of fuel particles (which is characteristic of high temperature pulverized-fuel firing) implying 
the likelihood of volatilization of smaller ash particles. This is in fact fractionation of ash 
forming elements during high temperature pulverized-fuel firing. 
 

 
 

 
Fig. 10. Comparison of the elemental composition (wt.%) of the glassy phase (Case 1 vs Case 
3) (a) Case 1, position 1 (b) Case 3, position 1 (c) Case1, position 2 (d) Case 3, position 2. 
(Secondary-electron SEM images).  
 

(a) (b) 

(c) (d) 
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The bulk chemical composition of the sampled deposits from coal combustion (Case 1) was 
similar at all three positions, whereas for Case 3, bulk composition of the deposits sampled at 
position3 was different from that of the deposits sampled at positions 1 and 2. 
 
The glassy phase from Case 1 and Case 3 are compared with respect to the sampling position 
(Fig. 10), notice the difference in Fe content of the glassy phase between the two sampling 
positions (positions 1 and 2) as a result of the rise in the flue gas temperature at position 1. 
However, the difference in Fe content, when comparing Case 1 with Case 3, is due to the 
dissolution of the hematite particles into the glassy phase as a result of interaction with the 
aluminosilicate glassy phase (as explained previously and shown in Fig. 9c). For Case 2 
(natural gas + hematite dust) no glassy phase was found in the deposits. 
 
Table 7 shows the phases and their respective elemental composition criteria defined for 
Automated Mineralogy. Each phase was assigned a detection range with respect to elemental 
composition, and also a specific gravity value (g/cm3) to convert area to mass which was 
approximately determined as the product of area multiplied by specific gravity. As mentioned 
previously more than 8000 EDS point analyses for each deposit sample were performed and 
the results are tabulated in Table 8. According to data obtained from automated minerology 
(Table 8), for Case 1 at position 1 (temperature approximately 1350 °C) the deposits are 
mostly composed of two major phases namely the metakaolinite (or mullite-like) phase and an 
aluminosilicate-glassy phase each accounting for 51 wt.% and 43 wt.% of the deposits 
respectively, with traces of a silica-rich (quartz) phase and an Fe-rich (hematite) phase. At 
position 2 for Case 1, a higher fraction of solid phases was expected due to the relatively 
lower temperature at this position (approximately 1250 °C), therefore, compared to position 1, 
a lower fraction of the glassy phase (39 wt.%) and a higher fraction of the silica-rich (quartz) 
phase was observed. Regarding Case 3, at position 1 a high fraction (63 wt.%) of an Fe-rich 
(hematite) phase was observed due to the addition of hematite dust particles with a 
composition relatively close to that of the raw hematite dust. These samples also contained a 
non-crystalline Fe-rich aluminosilicate phase (26 wt.%) surrounding the solid-Fe-rich 
(hematite) phase. At position 2 for Case 3, the same phases were identified with a higher 
fraction of solids, specifically the Fe-rich (hematite) phase, and a lower fraction of the glassy 
phase due to the relatively lower temperature at this position compared to position 1. For both 
Case 1 and Case 3 at position 3, the same phases were identified as those identified at 
positions 1 and 2. However, due to the lower temperature measured at this position compared 
to that measured at the first two positions, the fraction of the solids was much higher at this 
position and the glassy phase (for both Case 1 and Case 3) accounted for less than 10 wt.% of 
the deposits. Regarding Case 2 (natural gas + hematite dust) as mentioned previously, no 
glassy phase was found in the deposits and the identified phases and compositions were 
exactly similar to that of the raw hematite dust which is why Case 2 is not listed in Table 8. 
To ensure validity of the analyses (especially phase identifications), XRD was performed on 
the deposits sampled at positions 1 and 2 (see Fig. 15 and Table 9 in the appended paper I).  
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Table 7. Phases and their elemental composition criteria defined for Automated Mineralogy  

 Phase 
Specific 
gravity 
(g/cm3) 

Elemental composition criteria (wt.%, oxygen free) 

1 Quartz (Si-rich) 2.65 Al≤5, Si≥80 
2 Hematite (Fe-rich) 5.26 Mg≤5, Al≤5, Si<10, Fe≥80 
3 Metakaolinite(mullite-like) 2.65 Na≤5, Al+Si≥80, K≤5, Ca≤5, 0.8<Si/Al<1.5, Fe≤5 
4 Fe-Aluminosilicate (glassy) 2.75 Na≤5, Al≥7, Si>20, K≤5, Ca≤5, Fe>5, Fe+Al+Si≥80 

5 Aluminosilicate (glassy) 2.65 Na≤5, Al>15, Si>20, Si+Al≥80, K≤5, Ca≤5, Fe≤5, 
Si/Al>1.5 

6 Unclassified  2.7 Others 
 

Table 8. Main constituents of the short-term deposits for Case 1 (coal) & Case 3 (coal + 
hematite dust)-analysis in wt.% 

 
Phase name Phase 

fraction SiO2 Al2O3 CaO Fe2O3 K2O MgO Na2O P2O5 TiO2 

C
as

e1
 P

os
iti

on
 1

 

Bulk(ICP) - 56.2 32.2 2.4 5.2 0.5 0.8 0.3 0.9 1.6 
Bulk(Calculated)a - 57.3 29.6 1.8 6.1 0.3 0.4 0.3 0.6 1.6 
Hematite (Fe-rich) 0.01 16.3 9.1 0.0 74.6 0.0 0.0 0.0 0.0 0.0 

Quartz (Si-rich) 0.03 94.8 5.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Metakaolinite(mullite)  0.51 52.8 45 0.6 0.4 0.1 0.3 0.1 0 0.7 
Aluminosilicate/glassy 0.43 63.7 14.8 3.6 11.9 0.57 0.7 0.5 1.4 2.9 
Unclassified  0.02 

C
as

e1
 P

os
iti

on
 2

 

Bulk(ICP) - 56.2 32.2 2.4 5.2 0.5 0.8 0.3 0.9 1.6 
Bulk(Calculated) - 57.1 28.9 3.5 5.8 0.2 0.7 0.2 1.1 0.6 
Hematite (Fe-rich) 0.02 4.7 6.9 0.0 87.3 0.0 0.3 0.0 0.0 0.8 

Quartz (Si-rich) 0.08 91.2 8.3 0.5 0.0 0.0 0.0 0.0 0.0 0.0 

Metakaolinite(mullite) 0.49 52.1 43.4 2.6 1.2 0.0 0.0 0.0 0.3 0.4 
Aluminosilicate/glassy 0.39 61.9 17.5 5.5 8.9 0.5 1.7 0.4 2.5 1.1 
Unclassified  0.02 

C
as

e3
 P

os
iti

on
 1

 

Bulk(ICP) - 16.7 9.6 1.3 69.7 0.2 1.3 0.2 0.3 0.6 
Bulk(Calculated) - 20.1 10.4 0.9 66.0 0.1 0.7 0.1 0.2 0.4 
Hematite (Fe-rich) 0.63 1.5 4.1 0.0 93.9 0.0 0.4 0.0 0.0 0.1 

Quartz (Si-rich) 0.01 97.1 0.6 0.1 2.2 0.0 0.0 0.0 0.0 0.0 

Metakaolinite(mullite) 0.09 51.2 43.7 0.7 1.4 0.3 1.5 0.3 0.0 0.9 
Fe-Alsilicate/glassy 0.26 52.4 14.8 3.3 25.7 0.3 1.3 0.4 0.9 0.9 
Unclassified  0.01 

   
   

C
as

e3
 P

os
iti

on
 2

 

Bulk(ICP) - 15.5 8.3 1.0 73.0 0.1 1.3 0.1 0.3 0.4 
Bulk(Calculated) - 19.2 8.1 0.9 68.8 0.1 1.0 0.1 0.3 0.5 
Hematite (Fe-rich) 0.7 6.5 5.3 0.1 86.6 0.0 1.2 0.0 0.0 0.3 

Quartz (Si-rich) 0.02 91.3 3.7 0.5 4.4 0.0 0.1 0.0 0.0 0.0 

Metakaolinite(mullite) 0.1 50.2 42.1 0.6 6.2 0.1 0.4 0.1 0.1 0.2 
Fe-Alsilicate/glassy 0.17 54.3 16 4.4 17.4 0.5 4 0.6 1.6 1.2 
Unclassified  0.01          
a Calculated from the phase compositions and fractions of the phases present    
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3.1.4. Predicted phase assemblages as a function of temperature and 
hematite dust addition 
Investigating the effect of hematite dust addition on equilibrium phase assemblages is difficult 
without information on how the liquidus temperature changes as a function of composition 
(i.e. change in the liquidus temperature associated with change in Fe2O3 content). This 
information can be obtained through a set of thermochemical equilibrium calculations based 
upon the plausible global conditions inside the furnace (ECF).  
Fig. 11 shows the projection of the liquidus surface onto the respective pseudo-ternary 
sections (at SiO2/Al2O3 weight ratio of 1.76, the coal used in this study) when the partial 
pressure of oxygen is 0.16 atm. Liquidus isotherms plotted in Fig. 11 represent all 
compositions in the ternary section with a given liquidus temperature.  
 

 
Fig. 11. Projection of the liquidus surface at 16% oxygen, change in liquidus temperature and 
primary phase fields as Fe2O3 is added to the average bulk composition of the deposits 
collected in Case 1 (point a) to the final compositional point in Case 3 (point b) 
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The boundary lines constitute the primary phase fields indicating the first solid to form from 
the liquid slag upon cooling. As can be seen from the figure, the liquidus temperature 
decreases as Fe2O3 is added to the initial deposit composition (average bulk composition of 
the deposits collected in Case 1-point a). The reason is, upon this change in deposit 
composition [moving from point (a) to point (b) in the figure], the primary phase fields move 
from the primary crystallization field of ‘’Mullite’’, with a reportedly high melting 
temperature, to that of ‘’Spinel’’ which has a relatively lower melting point. 

Fig. 12 presents the predicted liquidus temperature as a function of the mass fraction of 
hematite dust in the deposit, at the oxygen partial pressure of 0.16 atm. A sequential scheme is 
structured so that the left part of the diagram is the composition of pure coal ash  
(i.e. 100 wt.% deposit collected in Case 1 and 0 wt.% hematite dust) while the composition of 
hematite dust increases, in increments, in the total deposit composition. Judging from the 
composition of the deposits collected at positions 1 and 2 (Table 6, Case 3), the mass fraction 
of hematite dust in the final deposit (average bulk composition of the deposits collected in 
Case 3) is estimated to be approximately 70±5 wt.% of the total deposit mass, hence the final 
compositional point in the calculations.  This is equivalent to addition of approximately 
250±30 grams of hematite dust to the initial coal ash (average deposit composition collected 
in Case 1). These values (70±5 wt.% hematite dust in the total ash, and 250±30 grams 
hematite dust added to 100 g coal ash) are used interchangeably in the thermochemical 
equilibrium calculations of this study as the final compositional points.  

 
Fig. 12. Predicted liquidus temperatures at 16% oxygen, liquidus temperature as a function of 
hematite dust addition to the average bulk composition of the deposits collected in Case 1. 
 
Predicted phase assemblages as a function of temperature and hematite dust addition are given 
in figures 8-11 of the appended paper II. According to the results, the proportions of the solid 
phases present at 1200 ºC temperature is similar to what was calculated at the solidus 
temperature, since this temperature is relatively close to the solidus temperatures 
(approximately 1080-1100 ºC). The results suggest that hematite dust addition did not affect 
the melt formation at this relatively low temperature (1200 ºC). Therefore, it can be inferred 
that interaction between coal ash constituents and hematite dust is limited to solid-solid phase 
transformations which are known to be sluggish since solid state diffusion is a slow process 
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and expectedly it takes much longer time, than the 30-min sampling time in this study, to 
attain equilibrium, at least in the solid state. The solid-solid interaction between hematite dust 
and coal ash constituents results in complete disappearance of mullite in exchange for an 
increase in the amount of cordierite and feldspar both of which have a lower melting point 
compared to that of mullite. Therefore, melt formation is expected to increase at higher 
temperatures as a result of this transformation. This is the most important interaction between 
coal ash and hematite dust at 1200 ºC provided that equilibrium is attained. Phase 
transformations observed in the temperature range of 1200-1275 ºC were considerably similar 
to the ones observed at 1200 ºC. Within the temperature range 1300-1350 ºC, the liquid 
fraction goes down from 43±0.3 wt.% (at 0 wt.% hematite dust) to 21.5±0.5 wt.% at the final 
compositional point. However, disregarding corundum from the coexisting solid phases 
shows that liquid fraction drastically increases form 43±0.3 wt.% at the initial deposit 
composition to 75±0.1 wt.% which proves that liquid formation is still ongoing yet at a lower 
rate compared to the rate at which corundum is being formed. Disregarding corundum is in 
fact equivalent to considering ‘’the amount’’ of the melt formed as opposed to ‘’the fraction’’ 
of the melt. This is because, melt fraction could have been affected by the dilution effect of 
excessive hematite dust solid particles. Based on the calculations, the fact that total amount of 
liquid increases with increasing hematite dust addition proves that there is an ongoing strong 
interaction between hematite dust and the coal ash constituents even at excessively high 
hematite dust addition. This leads to a considerable increase in the amount of liquid and also 
the fraction of liquid (when corundum is disregarded). Melt composition at this temperature 
range suggests a considerable increase in the fraction of Fe in the melt from 4.6% (at the 
initial deposit composition) to 8.5% (Table 9). At temperatures above 1375 ºC, addition of 
hematite dust results in a sharp increase in the amount as well as the fraction of the liquid 
phase, hence deposit formation is expected to increase drastically above this temperature 
level. 
 

Table 9. Predicted composition of the liquid phase at the deposit temperatures 

 
Temperature  Si Al Fe Mg Ca K Na O 

1200 ºC 
Initial slag (pure coal ash) 0.44 0.28 3.65 38.27 5.82 0.02 1.26 50.27 
Final compositional point* 0.43 0.27 3.65 38.37 5.68 0.02 1.31 50.27 

1300 ºC 
Initial slag (pure coal ash) 30.67 9.93 4.61 1.14 4.06 0.98 0.53 48.07 
Final compositional point* 28.55 9.56 8.50 1.98 3.42 0.66 0.40 46.92 

1400 ºC 
Initial slag (pure coal ash) 32.64 9.82 4.32 0.72 2.56 0.62 0.33 48.99 
Final compositional point* 25.08 9.61 16.48 1.31 2.20 0.43 0.26 44.62 

* Final compositional point when hematite dust was added (average slag compositions: coal ash + hematite dust) 

3.1.5. Slagging tendency  
Fig. 13 compares the slagging tendency in all three cases, most importantly, the slagging 
tendency of the coal ash particles (Case 1) with that of Case 3 (coal ash + hematite dust 
particles). Fig. 13a, shows the average ash deposition rate in (g/h) versus the sampling 
positions (descending deposit temperatures of 1400°C, 1300°C, and 1200°C) from repeated 
experiments. This approach has been commonly used to determine the deposition rate in 
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bench-scale, pilot-scale, and industrial facilities42, 65. For Case 2 (natural gas + hematite dust), 
the deposition rate (g/h) is slightly affected by temperature and changes very little from 
position 1 all the way to position 3, whereas, for the other two cases the deposition rate is to a 
large extent affected by temperature and decreases with decreasing temperature from 
position1 to position 3. The probable reason for this is because no liquid phase was calculated 
for Case 2 at any of the sampling positions due to the high melting temperature calculated for 
hematite dust (Fig. 12). Therefore, for Case 2, deposition seems to be controlled mainly by 
inertial impaction or particles stochastically hitting the deposition probe (ceramic tube) 
without the presence or help of a sticky liquid phase. The second axis in Fig. 13a, shows the 
predicted proportion of the liquid phase obtained from thermochemical equilibrium 
calculations (TECs) for coal combustion without the addition of hematite dust. This was done 
to examine the effect of coal ash in deposit formation in comparison with Case 2 where there 
are no coal ash particles. There seems to be a clear correlation between the liquid fraction 
(calculated for Case 1, pure coal combustion) and the deposition rate for Case 1 and Case 3 
both of which contain coal ash particles. Here, as opposed to the situation in Case 2, the 
deposition seems to be also controlled by inertial impaction yet enhanced with the help of this 
supposedly sticky liquid phase from coal ash particles. This liquid phase hypothetically acts 
as glue providing cohesive forces between the hematite dust particles and the coal ash 
particles. This is also the reason that all of the deposition rate values calculated for Case 2 are 
below the other two cases, with the exception of sampling position 3 (the reason for this is 
explained in the appended paper II). Comparing Case 1 with Case 3, with the addition of 
hematite dust, the inorganic content is increasing drastically from that of the coal (12.7 wt.%) 
to approximately 40 wt.% for Case 3 (coal + hematite dust) since 20 (kg/h) of hematite dust 
particles were added. Therefore, one way or another, during the pelletizing process, the 
inevitable presence of hematite dust will increase the inorganic content, thereby increasing the 
deposition rate (g/h). However, to investigate ‘’only’’ the effect of ash composition and ash 
chemistry on deposit formation (notwithstanding the ash content), the measured deposition 
rates should be normalized with the ash content. Since hematite dust was not premixed with 
the coal, the direct normalizing with the ash content did not seem reasonable and an 
alternative approach was proposed (in the appended paper I and II) to account for the 
difference in ash content.  
 

As can be seen in Fig. 13b, as a result of the abovementioned correction which only takes ash 
composition into account, for Case 2 all values are significantly below the values calculated 
for the other two cases implying the significant effect of coal ash and its liquid phase in 
deposition. Now the second axis shows the liquid fraction calculated in both cases of interest 
(Case 1 and Case 3) at the initial deposit composition (coal combustion) and the final 
compositional point (70±1 wt.% hematite dust). According to Fig. 12b, deposition fraction for 
Case 1 is lower than that for Case 3 at position 3, as expected, since the liquid fraction 
calculated for Case 1 is lower than that for Case 3. However, even though the liquid fractions 
calculated for Case 2 at 70±1 wt.% hematite dust (at positions 1&2) are lower than those 
calculated for Case 1, the deposition fractions do not correlate with the liquid fraction. 
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However, as previously explained, disregarding Fe-rich solid phases such as corundum and 
spinel, is a reasonable approach. Disregarding Fe-rich solids e.g. corundum is in fact 
equivalent to ‘’the amount’’ of liquid. Therefore, according to Fig. 13c, the expected positive 
correlation between the amount of melt and deposition fractions can be seen at all three 
positions. In Fig. 13d the second axis is the fraction of Fe in the liquid phase at the initial 
deposit composition and the final compositional point (Table 9). There is a positive 
correlation between the Fe content of the melt and the calculated deposition fractions 
implying that viscosity plays a significant role in deposit formation as viscosity is expected to 
decrease with increasing Fe content of the melt, which has yet to be verified. 

 

 
 

 
Fig. 13. Slagging tendency (a) measured deposition rates for all three cases and predicted 
liquid fractions given the average bulk composition of the actual sampled deposits 
(b) deposition fractions (normalized deposition rates with respect to the ash content in each 
case) and correlation with the predicted liquid fractions (c) correlation between deposition 
fractions and the predicted amount of melt given the average bulk composition of the actual 
sampled deposits in each case (d) correlation between deposition fractions and the predicted 
Fe fraction in the melt given the average bulk composition of the actual sampled deposits.  
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3.1.6. Viscosity estimation & sintering tests 
The absolute logarithmic error (AALE) calculated for each of the 24 previously mentioned 
viscosity models are given in Appendix A.  The models S2, Watt-Fereday, and BBHLW had 
the lowest AALE values and were the best match considering the specific operating 
conditions of this study, the composition of the collected slags (the molten fraction of the 
deposits as obtained from SEM_EDS and verified by equilibrium calculations), and the actual 
viscosity measurements in the literature. As can be seen in Fig. 14, all models give a lower 
viscosity value for Case 3 compared to Case 1 due to the increased fraction of Fe in the melt 
as a result of hematite dust addition. The deposition fractions calculated for Case 3 were 
smaller than those for Case 1 at positions 1&2 which has a negative correlation with the 
observed decrease in viscosity when hematite dust is added. At position 3, however, even 
though viscosity decreases with the addition of hematite dust, the deposition fraction 
calculated for Case 1 (with a higher viscosity value) was smaller than that for Case 3 (with a 
lower viscosity value). This discrepancy is associated with the relatively small liquid fraction 
at position 1 such that viscosity does not seem to have a significant effect on deposition at 
position 1. Therefore, the fraction of the liquid phase, the amount of the liquid (depending on 
the situation), and viscosity are all significant factors when addressing deposition in rotary-
kilns of iron ore pelletizing plants. 
 

 Fig. 14. Comparison of the viscosity estimations of the predicted melt in Case 1 and Case 3 

 
Sintering tests were carried out to examine the effect of hematite dust on the strength of the 
deposits formed in iron ore pelletizing plants. Fig. 15a and Fig. 15b show the decrease in area 
fraction (shrinkage) and also the characteristic ash fusion temperatures for the deposits 
collected during pure coal combustion and coal combustion with hematite dust addition, 
respectively. The measurements were repeated several times to ensure reproducibility. The 
results shown here were obtained under the oxidizing condition in 100% CO2. The onset of 
sintering for Case1 happens at a considerably higher temperature (1255 ºC) compared to the 
onset of sintering for Case 3 (1178 ºC). A considerably high deformation temperature was 
observed (1491 ºC) for pure coal ash deposits and the characteristic flow temperature was 
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never reached, even at the maximum temperature allowable by the apparatus (1550 ºC). 
Eventually, the sample did not undergo a high degree of sintering and on average 35±3% 
reduction in area fraction was observed in all deposits collected during coal combustion.  
On the contrary, the deposits collected in Case 3 experienced a high degree of sintering and 
the characteristic flow temperature was reached at 1495 ºC. On average the deposit samples 
with hematite dust particles, shrunk to 30±5% of their initial size. 70% reduction in area 
fraction is indicative of a considerably high degree of sintering which leads to the formation 
of strong deposits. The reason for this considerable difference in the degree of sintering 
between the two types of deposits is attributed to the higher fraction of liquid and the lower 
viscosity of the resulting melt in the samples containing hematite dust. Therefore, inclusion of 
hematite dust particles in the coal ash-based slag results in the formation of strong deposits 
and complicates the ash removal procedures. The measurements performed under the 
reducing condition (60 vol% CO, 40 vol% CO2, the results are not shown here) suggested an 
extensive degree of sintering in the samples containing hematite dust most likely due to the 
sharp decrease in viscosity as most of Fe was present in the ferrous Fe2+ state. In contrast, coal 
ash deposits were almost unaffected by the reducing condition imposed.  
 

 

Fig. 15. Shrinkage of the sampled deposits and characteristic ash fusion temperatures. 
(a) sampled deposits collected in Case 1 (b) sampled deposits collected in Case 3 

3.1.7. Effect of unburnt carbon in the char on the predicted liquid fraction 
Unburnt carbon in the char most definitely plays a key role in deposition. It can be seen in 
Fig. 16 that a comparatively low CO concentration (as low as10000 ppm-the higher the 
worse-) could reduce Fe3+ to Fe2+ (following the first reaction line in the figure) and increase 
the share of melt thereby reducing the viscosity of the melt and worsening deposition 
drastically. This is another possible mechanism for deposit formation in iron-ore pelletizing 
plants. Higher concentrations of CO (lower PCO2/PCO ratios) are highly unlikely under the 
prevailing oxidizing condition in rotary kilns of iron-ore pelletizing plants, so the second 
zero-phase fraction lines (see Fig. 16) are in fact relevant to the conditions inside blast 
furnaces. 
As a result, a reducing atmosphere (CO rich) is induced surrounding the burning particles 
which contributes to reduction of Fe3+ to Fe2+ as explained earlier.  
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Fig. 16. Predicted zero phase fraction lines for the reduction of Fe3+ to Fe2+ as a function of 
PCO2/PCO . and/or PO2 .  
 
The effect of this reducing atmosphere on the fraction of liquid phase is shown in Fig. 17. The 
X axis is the amount of pellet dust added to pure coal ash, so zero means no hematite dust 
which is the reference case: Case 1 = pure coal ash. 
The colour shading in figures refers to the fraction of melt (liquid slag), the figure to the left 
represents the situation ‘’without any unburnt carbon in the deposits, the one to the right 
represents the situation ‘’with infinitesimal amounts of unburnt carbon in the deposits’’, as 
can be seen the melt fraction increases substantially at all temperatures and levels of hematite 
dust addition, hence, intensified deposition/slagging is expected. 

 
Fig. 17. Effect of unburnt carbon in the char on the liquid fraction. Left: without the presence 
of carbon. Right: with the presence of infinitesimal amount of carbon in the deposits. 
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3.2. Proposed mechanism for deposit formation 
A sequential slag formation scheme (valid for high-rank coals and based on the pilot-scale 
experimental observations and TECs) is shown in Fig. 18. The fine mode and first-
fragmentation mode (fume particles, <0.5 μm in diameter formed through volatilization and 
subsequent re-condensation) are less likely to have a significant effect on the overwhelming 
slagging issues encountered in the grate-kiln process. However, according to the findings in 
Paper I, the second-fragmentation mode seems to play a key role in deposit build-up 
considering the substantial similarities observed between these particles and the short-term 
deposits.  
 
Overall picture 
The bulk of the mineral matter disintegrates into relatively large ash particles ranging from 
0.5 to 20 μm in diameter through the fusion of mineral matter on the surface of the burning 
char particles (Particle formation- coarse fraction). Thereafter, the already generated fly ash 
particles agglomerate followed by transportation of these agglomerated particles onto the 
surfaces mostly through inertial impaction (deposit formation and growth). 
 
Detailed description 
According to the findings deposition of hematite dust particles is independent of the global 
temperature in the kiln and a liquid phase was neither observed nor calculated for these 
particles when entrained in an ash-free gas stream (e.g. natural gas combustion). However, 
when coal ash particles are present extensive interaction between these particles and hematite 
dust particles is expected. The resulting intensified deposition as a result of the 
aforementioned interaction can be described with the following possible scenarios: 
 
- Prior to impaction:   The molten fraction of the coal ash (coal ash sticky globules) wet the 
surface of the hematite dust particles (see Fig. 8) and provide the required adhesion force for 
the hematite dust particles to stick to other existing particles (agglomeration) and/or furnace 
surfaces. Smaller particles are less likely to impact and might either follow the streamlines 
and be captured by the downstream electrostatic precipitators or might be trapped in the pellet 
bed (PH-zone, See Fig. 1) and recirculated back to the process (the source of alkali 
recirculation). Larger particles might also bounce off the surfaces and follow the gas flow, the 
likelihood of which is minimized as agglomeration escalates.  
 
- After the impaction (deposit build-up and growth): when the agglomerated sticky particles 
imping on the surfaces and stick, excess ‘’Fe’’ unleashed by the hematite dust particles 
dissolves into the aluminosilicate melt (originating from the coal ash globules). In essence, 
equilibrium is more likely to be attained after the impaction where hematite dust particles 
(according to the calculations) react with the coal-ash aluminosilicate melt and dissolves until 
the solubility limit of Fe oxides in the melt is reached.   Herein, the incorporated Fe reduces 
the viscosity and consequently the share of melt increases. The aforementioned phenomenon 
has a twofold effect; (1) deposition is intensified due to an increase in the amount of Fe-rich 
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aluminosilicate melt, (2) stronger and more tenacious deposits will form due to the decrease in 
viscosity as a result of Fe incorporation into the aluminosilicate melt. The resulting low-
viscosity melt has better flowability and might fill the pores and voids in the deposits, hence 
denser deposits will form.  
 
As previously mentioned and shown in Fig. 18, unburnt carbon in the char could also induce a 
CO-rich reducing atmosphere surrounding the burning particles hence the reduction of Fe3+ to 
Fe2+, stickier particles will be resultant.  
 

  

Fig. 18. Proposed slag formation scheme in iron-ore pelletizing plants based on the pilot-scale 
experimental observations and TECs.  
 

3.3. Predicted effect of blending coal & woody-biomass upon melt formation  
The colour shading in Fig. 19 refers to the thermodynamic estimations of the liquid phase 
(melt fraction) under the global equilibrium conditions described in section 2 (Materials and 
methods). Melt fraction increases at higher temperatures which is in qualitative agreement 
with the experimental findings in Paper I and also the thermochemical calculations in  
Paper II. The calculations also predict that with increasing KOH(g) partial pressure, the 
fraction of melt becomes lower. This is attributed to the formation of K-containing crystalline 
phases such as nepheline and K(Fe,Al)O2. This is demonstrated for the case of 10 wt.% bark 
addition (Si/Ca molar ratio = 10) at 1250 °C in Fig. 20. 
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Fig. 19. Predicted mass fraction of condensed phase that is molten for the reference case 
(coal-only) at 1150 (upper left), 1250 (upper right), 1350 (lower left), 1550 °C (lower right). 
 
From a practical perspective, this implies that control of recirculation air to regulate the 
concentration of KOH(g) can be used to decrease the molten fraction of depositions. This is, 
however, counteracted to an extent by the accompanying increased hematite dust that is 
predicted to increase the molten fraction at the higher temperatures. 
 
Some typical crystalline phases predicted across the range of conditions are labelled in Fig. 20 
for the +10 wt.% bark case at 1250 °C. Leucite can be formed from low KOH(g) 
concentrations, while other K-containing phases, e.g., Nepheline and K,Al, Fe-silicates, 
dominate at higher concentrations.  
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Fig. 20. Predicted crystalline phases in the coal + 10 wt.% bark case at 1250 °C. Colour 
shading refers to the predicted liquid fraction. C = corundum, L = leucite, N = nepheline, K = 
KAF4S3, F = (K,Na)(Fe,Al)O2 
 
When the addition of CaO is considered in the 10 wt.% bark case, there is a predicted average  
increase in melt fraction of 10 wt.% over the reference case across the range of conditions 
(Fig. 21). Even though this is not a significant amount, it might increase the deposition rate 
according to the near-linear relationship between the amount of liquid slag and deposition 
rates observed in Paper I and II. Moreover, CaO and K2O generally have a fluxing effect upon 
high SiO2 deposits. This implies that the deposits could be more tenacious, as well as 
abundant, neither which is desirable for the process. Despite this insignificant increase in the 
melt fraction, the molten behaviour pattern is similar to that of the reference case. This makes  
10 wt.% addition of bark an appropriate starting point to evaluate the suitability of co-firing 
woody biomass in a rotary grate kiln. The increase in deposition rate compared to the 
reference case can be used to highlight the effect of other slag properties—e.g., viscosity—
besides that of molten fraction. 
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Fig. 21. Predicted fraction of the molten phase when blending coal with biomass. 
Left-to-right: temperature: 1150, 1250, 1350, 1550 °C, Top-to-bottom: coal-only, +10 wt.% 
bark, +30 wt.% bark 
 
The general trend of increasing melt at all the temperatures is also predicted for the case with 
30 wt.% addition of bark (Si/Ca molar ratio = 2). However, the overall behaviour across the 
conditions is also different compared to the reference case, though the large increase in 
molten fraction across the range of conditions indicates that it is likely that slagging would be 
significantly worse (Fig. 21). 
 
The thermodynamic results have shown that Ca is an important element in affecting molten 
formation. This is expected as a result of the fluxant behaviour of CaO when incorporated into 
the Si-rich silicate coal ash melts. This implies that experimental work is necessary to 
establish how the ash material from each respective fuel and recirculated air interact. In the 
thermochemical equilibrium calculations of this study, it was assumed that all biomass ash 
particles came into contact with all coal ash and hematite dust particles, however, in reality 
such a scenario is highly unlikely. This necessitates experimental support to determine the 
degree to which these interactions occur. It is important to find out the actual fraction of Ca 
from the woody biomass that contacts/reacts with the inherent coal ash and haematite dust, 
because this will determine the ultimate extent to which woody biomass can be co-fired. 
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4. Conclusions 
To initiate elucidation of deposit formation during the iron-ore pelletization process, a 
comprehensive set of experiments was conducted in a 0.4 MW pilot-scale pulverized-coal-
fired furnace (ECF). During the ECF campaign three different scenarios were considered as 
follows: 
Case 1: Coal was combusted without the addition of pellet dust, Case 2: Natural gas was 
combusted with the same thermal throughput as the coal-fired runs and pellet dust was added 
to the gas stream. Case 3: Coal was combusted together with the addition of pellet dust. The 
most important findings from the pilot-scale experiments based on the characterization of the 
sampled particles and deposits coupled with thermochemical equilibrium calculations (TECs) 
and viscosity estimations are summarized in the following paragraphs.  
 
Addition of pellet dust did not have a significant effect on the particle size distribution (PSD) 
of the sub-micrometer mode (with the aerodynamic particle diameter 0.03< Dp < 0.06 μm) 
and the first fragmentation mode (1< Dp < 10 μm), however, a transition from a bimodal PSD 
to a trimodal PSD was observed and the elemental bulk composition of the abovementioned 
modes was changed, enriched in Fe, K, and Na when pellet dust was added. The additional 
mode at 0.1< Dp <0.5 μm could be attributed to the coagulation of coal ash fine particles and 
hematite particles (from the pellet dust).Extensive interactions were observed between coal 
ash and hematite particles (from the pellet dust) in the coarse mode (second 
fragmentation/cyclone particles, Dp > 10 μm) and a significant number of coal ash globules 
were abundantly found attached to the surface of the hematite particles collected in Case 3 
(coal ash + pellet dust) which could be considered a possible mechanism for ash formation in 
the rotary kilns of iron-ore pelletizing plants. 

The short-term deposits from coal combustion (Case 1) were highly porous in contrast to the 
high degree of sintering observed in the experiments with pellet dust addition. As a result of 
incorporation of Fe in the aluminosilicate glassy phase, stronger deposits are formed thereby 
complicating ash handling and deposit removal. The morphology of the sharp-edged hematite 
particles was changed to smooth-edged round particles which proved that hematite particles 
must have interacted with the surrounding Ca-rich-aluminosilicate glassy phase originating 
from the coal ash. Therefore, the Fe content in the aluminosilicate glassy phase increased 
when pellet dust was added. 

According to the TECs, addition of pellet dust reduces the liquidus temperature and 
depending on the fraction of pellet dust in the total ash, liquidus temperature can go down as 
low as 1412 ºC. Under the reducing conditions inside the flame, coal ash constituents and 
pellet dust are, at any proportions, soluble in the resulting Fe-rich aluminosilicate melt. Based 
on the findings from the experimental observations and TECs, it can be inferred that 
interaction between coal ash constituents and pellet dust at relatively low temperatures (1200-
1275ºC) is limited to solid-solid phase transformations which result in complete 
disappearance of mullite in exchange for an increase in the amount of cordierite and feldspar 
both of which have a lower melting point compared to that of mullite. Therefore, melt 
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formation is expected to increase at higher temperatures, but in the abovementioned 
temperature range, the interaction between coal ash constituents and pellet dust had no 
significant effect on melt formation and deposition. However, at higher temperatures (1300-
1450 ºC) the amount of melt increases drastically with increasing hematite dust content. The 
experimentally obtained deposition fractions exhibit a positive correlation with this increase 
in the amount of melt within the high temperature range (1300-1450 ºC). Above 1375 ºC, coal 
ash constituents completely react with pellet dust and the Fe-rich aluminosilicate melt. Fe 
content of the liquid phase increases accompanied by a considerable decrease in the viscosity 
of the resulting melt. In this temperature range deposition is governed by the amount of melt 
and viscosity. Therefore, stronger deposits with a high degree of sintering form due to the 
decrease in viscosity. 

A sequential ash transformation scheme/mechanism (valid for high-rank coals and based on 
the pilot-scale experimental observations and TECs) was proposed on the basis of the most 
abundant inorganic elements in the sampled deposits (slags) to study the effect of change in 
slag composition (associated with pellet dust addition) on phase equilibrium conditions under 
the global conditions prevailing in coal-fired iron-ore pelletizing plants. The twofold effect of 
the interaction between hematite particles and coal ash particles upon slagging was 
summarized as follows: (1) increased melt formation thereby intensified deposition/slagging 
(2) reduced viscosity due to the incorporation of excessive Fe (from hematite dust particles) 
into the aluminosilicate melt (from coal ash). The TECs also predicted that the unburnt carbon 
in the char could have a significant effect on deposit formation by increasing the melt fraction 
through reduction of Fe3+ to Fe2+. 

The thermochemical calculations carried out for the woody biomass/high-rank coal blends 
indicated that the melt fraction generally increases with increasing temperature and increasing 
Ca content—i.e. increasing bark content. However, melt fraction decreases with increasing 
KOH(g) concentration due to the formation of K-containing condensed phases specifically at 
low temperatures. Furthermore, pellet dust is predicted to increase the amount of molten 
material at higher temperatures (≥ 1350 °C) when blending coal with biomass under the 
studied conditions i.e. different Si/Ca molar ratios. The addition of 10 wt.% bark (equivalent 
to a Si/Ca molar ratio of 10) increases the melt fraction by only 10 wt.% and can serve as a 
reasonable experimental test blend. However, more severe slagging is expected with the 
addition of 30 wt.% bark (equivalent to a Si/Ca molar ration of 2). Exceeding this value 
(increasing the share of biomass in the blend) results in extensive melt formation and is 
expected to exacerbate deposition/slagging drastically. It is of crucial importance to 
experimentally establish how coal ash particles, biomass ash, and pellet dust particles interact 
to be able to strengthen the predicted scenarios. 
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5. Implications for practice and future research 
In this chapter of the thesis, we conclude by briefly foregrounding some of the study’s 
implications for practice, and the directions for future research that stem from the current 
project. This study seeks to respond to a number of research questions related to the complex 
phenomenon of deposit/slag formation encountered in iron-ore pelletizing. The study is 
especially timely considering the current challenges imposed by slagging/deposition; it calls 
on executive mangers and decision makers to be wary of the ash transformations involved in 
the large-scale process.  

As previously mentioned, what distinguishes deposition in iron-ore pelletizing plants from 
that in pulverised-fuel fired boilers is the inevitable presence of disintegrated pellet dust 
entrained in the process gas amongst the fuel-born ash particles. We have asked in particular 
what could be the potential effect of disintegrated pellet dust upon slagging tendency and 
deposit formation under the plausible global conditions in iron-ore pelletizing rotary kilns.   
The findings of the present study provide answers to how different types of ‘factors’ (namely, 
the partial pressure of oxygen, change in the composition of the deposited matter due to the 
presence of pellet dust, alkali accumulation/recirculation, and the interaction between pellet 
dust and fuel-ash particles) affect ash chemistry and thereby deposition.  This work seeks a 
scientific approach while continually taking practicality into account, hence, the findings can 
expectantly be used by iron-ore pelletizing plants to mitigate the formation of deposits and 
increase the production rate of pelletized iron ore.  

In accordance with the previous full-scale investigations16, 17,the composition of the short-
term deposits collected from the pilot-scale experiments was identified as hematite particles 
(originating from the pellet dust) embedded in a Ca-Fe-aluminosilicate glassy phase. Inertial 
impaction was the dominant mechanism for deposition which is in line with the findings from 
the current work. In addition to the previous full-scale investigations this licentiate work (pilot 
scale experiments) shows that hematite particles (found in the pellet dust) dissolve in the Ca-
rich aluminosilicate melt from the coal ash thereby enhancing deposition/slagging at process-
/wall temperatures above 1300 °C due to an increase in the amount melt accompanied by a 
decrease in the viscosity of the resulting melt. This intensifies deposit formation and increases 
the rigidity of the resulting deposits. The results from the thermochemical calculations suggest 
that increasing the Ca content in the fuel/fuel blend, e.g. using coal with a higher Ca content 
or a blend with a high share of woody biomass, will result in a higher share of melt and 
decrease the viscosity of the resulting melt. Hence, the formation of harder deposits is 
expected. 

In addition, size classification and characterization of the particles and the resultant deposits 
proved essential in the attempt to propose a conceivable mechanism for deposit formation and 
slagging in iron-ore pelletizing rotary kilns. The aforementioned ash transformation scheme 
required knowledge about the liquid slag properties (amount/fraction, composition) and also 
the rigidity of the resultant deposits to be able to (1) support the hypotheses formulated in the 
proposed ash transformation scheme (2) suggest remedial solutions (such as choice of 
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effective slag inhibitors) to minimize the operational complications associated with deposit 
formation (3) help process engineers develop effective ash removal/handling methods. 

Even though the current work falls short of developing a fully developed diagnostic tool, yet 
given its exploratory nature (Phase A of this PhD study), it signposts the key dimensions of a 
framework for reflecting on the ash transformation phenomena in the large-scale grate-kiln 
setup. Such dimensions, which derive from our pilot-scale experiments have yet to be 
examined in the large-scale pelletizing process. Therefore, Phase B of this study (Licentiate-
PhD dissertation) will focus on validation of the findings from Phase A. Briefly, the objective 
is to generalize the findings from the pilot-scale findings to be able to establish a mechanism 
for deposit formation in the full-scale rotary kiln and suggest remedial solutions. In a nutshell, 
investigate the validity of the findings from our previously conducted pilot-scale trials under 
the global conditions innate to the full-scale process. Fortunately, numerous full-scale 
measurement campaigns have been carried out by LKAB during the past decades. For 
instance, coals of varying ranks and ash compositions have been tested which could be of 
particular interest, from the slagging/deposition point of view, to look into in search for an 
alternative fuel. Methods: The experimental work has been already taken care of which is 
going to be followed by extensive characterization work (XRD, SEM-EDS, Sintering tests, 
Dilatometry etc., thermochemical equilibrium calculations and viscosity estimations.  

Furthermore, the results from the pilot-scale experiments suggest that interaction between 
pellet dust and coal ash constituents could be a significant factor in deposit formation and 
slagging. This interaction was observed in all three particle modes (defined by the particle 
size distribution) and also in the short-term deposits (in the Ca-Fe-aluminosilicate melt). 
However, the question is: ‘’where in the process is this interaction of greatest significance?’’, 
Is it prior to impaction i.e. inside the flame or along the rotary kiln after the flame? How about 
after the impaction when the particles have already accumulated on the surfaces in the form of 
deposits? An answer to these questions may be found by characterizing the samples collected 
from our previous full-scale trials (combustion of different types of coal). This would allow us 
to suggest a conceivable mechanism for deposit formation in the full-scale grate-kiln process 
and identify remedial solutions. Briefly, the next two papers will address validation of the 
suggested ash transformation scheme/mechanism using deposition results from the full-scale 
trials (with the same high rank bituminous coal in question), then using this model to 
determine the slagging tendency of different coals and validate the model with the 
experimental results in hand from the full-scale trials. 

Moreover, a pilot-scale measurement campaign is supposed to be launched in March 2018, the 
following experiments/measurements will be carried out:  particle sampling, deposit sampling, 
temperature measurements with several coal-biomass blends (with and without the presence of 
pellet dust). With respect to the potential use of biomass, the effects on other slag properties, e.g., 
viscosity, and its effect on slagging tendency will be considered. Overall: How do biomass/coal 
ash components physically interact with one another and with pellet dust? Required methods: 
Characterization of the actual samples from the upcoming measurement campaign in March 2018, 
e.g. SEM-EDS, XRD, Sintering tests, Dilatometry etc. 
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Abstract 

To initiate the elucidation of deposit formation during the iron-ore pelletization process, a 

comprehensive set of experiments was conducted in a 0.4 MW pilot-scale pulverized-coal- fired 

furnace (ECF) where three different scenarios were considered as follows; Case1 (reference 

case): Coal was combusted without the presence of pellet dust. Case2: Natural gas was 

combusted together with simultaneous addition of pellet dust to the gas stream. Case 3: Coal was 

combusted together with the addition of pellet dust simulating the situation in the large-scale 

grate-kiln setup. Particles and deposits were sampled from 3 positions of different temperature 

via a water-cooled rapid dilution sampling probe. Three distinct fragmentation modes were 

identified based on the aerodynamic particle diameter (Dp). The fine mode: Particles with 0.03< 

Dp < 0.06 μm. The first fragmentation mode: Particles with 1< Dp < 10 μm. The second 

fragmentation mode: Coarse particles (cyclone particles, Dp > 10 μm). A transition from a 

bimodal PSD (Particle Size Distribution) to a trimodal PSD was observed when hematite dust 

was added (Case 3) and consequently the elemental bulk composition of the abovementioned 

modes was changed. The most extensive interaction between hematite dust and coal-ash particles 

was observed in the coarse mode where a significant number of coal ash globules were 

abundantly found attached to the surface of the hematite particles. The morphology of the sharp-

edged hematite dust particles was changed to smooth-edged round particles which proved that 

hematite dust particles must have interacted with the surrounding aluminosilicate glassy phase 

originating from the coal ash. The short-term deposits during coal combustion (Case1) were 

highly porous in contrast to the high degree of sintering observed in the experiments with pellet 

dust addition (Case3) which is attributed to the incorporation of Fe into the aluminosilicate glassy 

phase. The results suggested that pellet dust slagging tendency was independent of temperature 

and required an auxiliary phase-provided by coal-ash- to form tenacious particles and cause 

slagging. 
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1. Introduction 

 

Iron ore is one of the most important natural resources with a reportedly annual mining rate of 

1600 Mt in 20101, 2. Approximately 98% of the mined ore is used in the steelmaking industry, 

following which process the mined iron ore can be directly used as lumps or shaped into pellets 

to be reduced either in direct-reduction plants or in blast furnaces. In 2010, 25% of the mined iron 

ore was transformed into iron ore pellets2, 3. During the pelletizing process, the iron ore is 

converted into a powder through a three-step crushing stage, then mixed with additives and a 

specific binder, and eventually rolled into green pellets in rolling drums. The 9−15 mm (in 

diameter) ‘’green’’ pellets are then to be sintered in an induration machine4, 5. The two most 

commonly-used processes for pelletizing are the travelling-grate process [commonly used for 

hematite (Fe2O3) mined ore], and the so-called grate-kiln process which is often used for 

magnetite (Fe3O4) mined ore. In the travelling-grate process, pellets are transported on a moving 

grate (in a stationary bed) undergoing drying, oxidation, sintering, and cooling which all occur on 

the very same grate. On the contrary, the grate-kiln process (which is the focus here) uses a 

shorter grate, and oxidation/sintering take place in a kiln which is a rotating cylindrical furnace 

(similar to that used in cement production) that allows a more homogeneous sintering of the 

pellets with the pellets’ total residence time of approximately 30 minutes6. 

Fig.1 shows a schematic of a commonly-used grate-kiln setup located in the 40MWth pelletizing 

plant KK2 (LKAB No.2 installation in Kiruna, Sweden) owned by the Swedish mining company 

LKAB (Luossavaara-Kiirunavaara Aktiebolag). The machine consists of a 60m long grate along 

which green pellets undergo drying, preheating, and oxidation, at the end of the grate there comes 

a rotating cylindrical furnace (kiln) wherein pellets are subjected to sintering at elevated 

temperatures while tumbling and descending along the kiln. The kiln is followed by an annular 

cooler where cold air is blown through the sintered finished products. The grate is divided into 

four distinct zones: the updraft drying (UDD), down draft drying (DDD), temperate preheat zone 

(TPH), and the preheat zone (PH). Hot flue gas (∼1200 °C) from the kiln and cooler together 

with the exothermic energy from the oxidation of the pellets (magnetite to hematite) heats up the 

bed. The partly oxidized pellets from the grate are discharged in the transfer chute (marked in 

Fig.1) and then transported through the rotary kiln. Estimated temperatures in the kiln are ∼1200 
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°C at the inlet, while in the burner zone, the temperature reaches ∼1350 °C and the flame 

temperature reaches up to 1700-1800 °C. To reach an adequately high process temperature in the 

kiln which is essential for sintering, pulverized coal with a thermal power of 40MW is used as the 

main fuel, however, fuel oil is also used when starting up the kiln and/or when encountering 

problems with the coal supply1, 7. 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.  

Coal ash particles together with disintegrated iron-ore pellet dust particles accumulate on the 

refractory walls, resulting in the build-up of scaffold deposits, most drastically in the hot areas 

(e.g., fireside slagging closer to the burner, transfer chute, inside the rotary kiln, and the 

beginning of the cooler)7. Consequently, the build-up of these sintered deposits disturbs the flow 

of gas and pellets and eventually results in now-and-again unscheduled stoppages for mechanical 

removal of the deposited layer. It has also been observed that the accumulated deposits in rotary 

kilns of iron-ore pelletizing plants, not only cause mechanical strains but also degrade the 

refractory lining over time due to high temperature corrosion8. Furthermore, scaffolds adversely 

affect the process efficiency, and quality of the product. 

Effects of coal minerals on ash formation in pulverized-coal-fired boilers have been extensively 

studied9-13, on the contrary, there is a limited understanding of ash deposition phenomena in iron-

ore pelletizing rotary kilns which explains why there is very limited information in this context in 

the literature14-17. In coal combustion fly ashes form through two main mechanisms giving rise to 

a bimodal particle size distribution. The bulk of the mineral matter disintegrates into relatively 

large ash particles ranging from 0.5 to 20 µm in diameter through the fusion of mineral matter on 

the surface of the burning char particles. However, smaller particles (fume particles, <0.5 µm in 

diameter) form through volatilization and subsequent re-condensation of a smaller fraction of the 

mineral matter and constitute the sub-micron mode of the particle size distribution18-23. 

Thereafter, deposits build up from the fly ash particles through a combination of the following 

mechanisms; inertial impaction, diffusion of fume, thermophoresis, condensation, and chemical 

reactions24, 25. 

Compared to pulverized coal fired boilers, there are similarities along with differences regarding 

ash deposition phenomena in the rotary kilns of iron ore pelletizing plants. In some respects, ash 
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transformation mechanisms in the grate-kiln process are relatively similar to those occurring in 

pulverized-coal-fired boilers, specifically in the high temperature regions closer to the flame. 

However, once the ash particles are formed, their transportation to the surfaces and subsequent 

deposit formation mechanisms can be significantly different than that in pulverized coal fired 

boilers. Several governing factors influence the ash-deposition phenomena in pulverized coal 

combustion such as the coal type (ash composition, melting temperature of the ash, and 

distribution of the mineral matter), not to mention the reaction atmosphere, the temperature of the 

fly ash particles, flow dynamics, the temperature of the surface onto which ash-deposition takes 

place and so forth. Several reviews addressing ash-deposition characteristics have already been 

reported in the literature26. Raask explained the deposit initiation13, Walsh et al.27 and Baxter et 

al.28 studied the deposition characteristics and mechanism of growth. Benson et al. outlined the 

behavior of ash formation and deposition during coal combustion29. Harb et al. predicted ash 

behavior using chemical equilibrium calculations30, and Hansen et al. measured ash fusibility 

using differential scanning calorimetry31. Naruse et al. investigated the ash-deposition 

characteristics under high-temperature conditions32. Steadman et al. gave a thorough review on 

coal-ash characterization by digital image analysis (SEM/EPMA techniques)33. Borio et al.  

provided a review on ash deposition from a boiler manufacturer’s perspective34. Helble et al. 

addressed the role of Ca in the combustion of low-rank coals35. Bott et al. developed 

slagging/fouling/corrosion indices, to assess slagging, fouling, and corrosion tendencies in 

combustion36. Zygarlicke et al. discussed several modeling approaches to predict the particle size 

of the generated fly ash37. Rosner et al. summarized several recent studies on particle transport 

mechanisms, and the properties of the resulting deposits38. Wagoner et al. and Smouse et al. 

provided a theory regarding the formation of deposits with or without the presence of sticky 

phases39, 40.  

In contrast to pulverized coal fired boilers, a grate-kiln process is characterized by a longer 

residence time, a highly oxidizing atmosphere, and the presence of recirculating alkalis and 

disintegrated iron-ore pellet dust in the flue gas. Given the foregoing, ash deposition in a grate-

kiln process is a much more complex phenomenon compared to ordinary pulverized coal-fired 

boilers and is affected by several factors including the process conditions, the chemical properties 

of iron-ore pellets and coal-ash and their potential interactions with one another and with the 

refractory walls. Concisely, the interaction between fly ash particles from the combustion of coal 
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and the inevitably entrained Fe-rich particles (arising from the disintegration of iron-ore pellets) 

makes it a cumbersome task to address the respective ash transformation phenomena. This study 

was initiated with the objective of investigating the effect of disintegrated hematite dust particles 

on melt formation (liquid slag) and, thus, on deposit formation in a grate-kiln process. 

Furthermore, this study was inspired by our investigations and findings from our previously 

conducted pilot-scale7, 41 and full-scale measurement campaigns16, 17 which proved there was a 

considerable difference in the rate of deposition and the properties of the resulting deposits when 

iron ore pellet dust was present. In light of this, several experiments were performed in a pilot-

scale (0.4 MW) Experimental Combustion Furnace (ECF) with the objective of addressing the 

effect of disintegrated iron-ore pellet dust on deposit formation in a pilot-scale pulverized coal 

combustion furnace.   

The results can expectantly be used by iron-ore pelletizing plants to mitigate the formation of 

deposits and increase the production rate of pelletized iron ore. Characterization of fly ash 

particles and deposits is presented in this paper whereas thermochemical considerations and 

viscosity estimations are discussed in part II of this work.   

 

 

Fig.1. Schematic of the grate-kiln process (modified, with permission from Metso Minerals) 
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2. Materials and methods 

2.1.  Description of the Experimental combustion furnace (ECF) 

The 0.4 MW pilot-scale pulverized coal fired furnace, owned by the iron ore pelletizing company 

LKAB in Sweden, is designed to simulate a downscaled 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 long with the outer- and inner diameter of 1200 mm and 800 mm respectively. It is 

lined with 200 mm-thick refractory bricks and the outer steel mantle has a thickness of 10 mm. 

Heated secondary air of ~1100 °C is supplied to the ECF kiln via two perforated ceramic sections 

that are located above and below the burner. Unlike the rotary kiln, the ECF does not rotate, and 

the sampling locations were positions P1, P2, and P3 as marked in Fig.2. The operating conditions 

used during this campaign are summarized in Table 1.  

Table 1. Applied kiln operating conditions 

 Flow rate Temperature (⁰C) 

Transport air flow 26 Nm3/h = 0.00934 kg/s 27 

Primary air flow 167 NL/min = 0.0036 kg/s 27 

Secondary air flow 2200 Nm3/h = 0.79 kg/s 1080 

Coal flow 48 kg/h = 0.01333 kg/s 27 

Hematite dust flow 0 or 20 kg/h  

Partial pressure of oxygen = 0.16 

 

 

 

Fig.2. Experimental Combustion Furnace (ECF) 
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2.2. Ash chemistry and mineral analysis  

 

Chemical analyses of the high rank bituminous coal and disintegrated hematite dust (KPBO) used 

in this study are shown in Table2, and Rosin-Lammler particle size distribution of each are 

presented in Fig.3 and Fig.4 respectively. LKAB produces four types of iron-ore blast furnace 

pellets, namely KPBO, KPBA, KPRS and MPBO. Kiruna pellet blast furnace acid (KPBA) is a 

blast furnace pellet designed for operation together with sinter in blast furnaces. Quartzite 

(mainly quartz, SiO2), dolomite [(Mg,Ca)CO3], and limestone (mainly calcite, CaCO3) are used 

as additives all of which act as slag formers during ironmaking. Kiruna pellet blast furnace 

olivine (KPBO) is an olivine fluxed blast furnace pellet designed for 100% pellet operation in 

blast furnaces. The olivine used is forsterite (2MgO·SiO2). Due to its high affinity for water, the 

clay mineral bentonite is added as a binder in the production of both types of pellets42. In this 

study, the pellet dust (KPBO) was collected from the full-scale process where complete oxidation 

of magnetite to hematite was ensured.  

X-ray fluorescence (XRF) was carried out at LKAB’s laboratories to determine the chemical 

composition of the pellet dust. X-ray diffraction (XRD) proved that over 97 wt.% of the collected 

pellet dust consisted of hematite (Fe2O3) together with minor crystalline phases containing Si, 

Mg, Ca, Al, followed by traces of other elements as listed in Table 2. Given the foregoing, the 

following two terms, namely, ‘’pellet dust’’ and ‘’hematite dust’’ are equivalent and hereinafter 

used interchangeably.  

Quantitative mineralogy of the coal was carried out using the X-ray diffraction facility located at 

CSIRO’s North Ryde laboratories (Table.3)43. Ash samples for X-ray diffraction (XRD) were 

prepared to enable low temperature ashing (LTA) at approximately 120ºC in an RF-excited 

oxygen plasma. Quantification of the mineral phases was carried out using the SIROQUANT 

software package developed by CSIRO. The accuracy of the results is dependent on the 

percentage of the mineral phases present in the coal in question.  
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Table 2. Chemical compositions of the coal and hematite dust (KPBO) 

Fuel / Pellets Coal  Pellet dust 

Proximate analysis (wt-% as received) 

 

Volatile matter 20.96 - 

Fixed carbon 60.34 - 

Moisture 6 11.2 

Ash (fuels) / Minerals (pellets) 12.7 88.8 

 

Ultimate analysis (wt-% dry) 

C 74.6 - 

H 3.9 - 

N 1.4 - 

O (by difference) 6.26 30.60 

Cl 0.01 <0.002 

S 0.33 <0.001 

Effective heating value (MJ/kg) 29.34 0.5139 

 

Elemental analysis (wt-% dry) 

Si 3.63 0.98 

Al 2.14 0.12 

Fe 0.21 66.91 

Ca 0.09 0.33 

K 0.05 0.03 

Mg 0.03 0.90 

Mn 0.01 0.06 

Na 0.01 0.03 

P 0.05 0.025 

Ti 0.07 0.09 

Ba 0.03 - 

V - 0.11 

Ni - <0.03 

Zn - <0.003 

Cu - <0.001 

Cr - <0.01 
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Fig.3. Applied Rosin-Rammler particle size distribution for the coal  

 

 

Fig.4. Applied Rosin-Rammler particle size distribution for hematite dust particles 
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Table 3.  Mineral phases of the coal (Low temperature ashing)43 

Mineral phase Chemical formula 

 

Mass fraction (wt.%) 

 

Ash yield, wt.%  15.4 

Quartz SiO2 19.5 

Kaolinite Al2Si2O5(OH)4 63.5 

Illite (K, H3O)(Al, Mg, Fe)2(Si, Al)4O10 [(OH)2, (H2O)]  10.2 

Siderite FeCO3 2.0 

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

Calcite CaCO3 0.8 

Fluorapatite Ca5(PO4)3F 3.2 

Goyazite SrAl3(PO4)2(OH)5·(H2O) 0.8 

Sum 
 

100 

 

2.3. Particle sampling system  

Particle samples were sampled from 3 different positions (P1, P2, P3) via a water-cooled rapid 

dilution sampling probe. The sampling locations are marked in Fig.2. The particle sampling 

system used in this study is presented schematically in Fig.5. The water jacketed stainless steel 

particle probe was constantly cooled during the samplings to avoid deformation of the probe due 

to the high process temperature ~1200-1350 °C. The entire body of the probe was water-cooled 

and made of stainless steel (EN 1.4436). 

The probe had an L-shaped end to allow isokinetic sampling, i.e., parallel to the main gas 

stream44, and pure nitrogen gas was added directly at the probe tip for dilution and cooling the 

hot flue gas down to a temperature of ~100 ºC. Due to this rapid dilution, the gaseous species of 

inorganic vapor nucleate and form very small particles which, according to a previous study, do 

not have any significant interaction with larger particles that already exist in the sampled flue 

gas45. The degree of dilution was controlled by a needle valve which was intended for adjusting 

the flow of nitrogen gas into the particle probe. The dilution factors used in this study were in the 

range of 16-35 (calculated as the ratio of the oxygen content in the actual flue gas at the sampling 

point to the oxygen content in the diluted flue gas). The gas temperature after dilution at the 

probe tip was in the range of 80 -100 °C which was measured by a commercial K-type 

thermocouple with an outer diameter of 1.5 mm.  

A pre-cyclone with a cutoff size of ~16 μm was used directly after the particle probe to separate 

the large particles from the gas flow, subsequently, the flow would enter a 13-stage Dekati-type 

low pressure impactor (LPI) that would size-classify the particles with respect to their 
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aerodynamic diameter in the range of 0.03-11 μm. The low-pressure impactor operates based on 

the principles of inertial impaction44, 46, and the substrates used in all the 13 stages were 

aluminum foils. The cutoff diameters of the 13 stages are (from 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 μm. The last (bottom) plate of the impactor 

works as a sonic opening adjusting the gas flow at approximately 18 L/min throughout the LPI. 

After the LPI a manometer was used to monitor the pressure and ensure proper operation of the 

LPI. A pump was used after the manometer for initiating the sampling. At the end of the particle 

sampling system, an infrared (IR) gas analyzer (type NGA 2000) was used to monitor the 

concentration of O2, CO2, CO, SO2 and NOx simultaneously during the sampling intervals. 

Repeated samplings were carried out at all three positions during the ECF campaign. 

  

 

Fig.5. Schematic of the particle sampling system 

 

2.4. Deposit sampling and temperature measurements  

An uncooled hollowed cylindrical ceramic (high purity alumina) tube with a length of 100 mm 

and an outer diameter of 12 mm (inner diameter ~8 mm) was mounted at the tip of the water-

cooled probe to collect short-term deposits so that the fly ash particles would hit the surface of 

this ceramic tube and a mass of deposited matter would form and accumulate on the wind-side of 

the ceramic tube, primarily due to inertial impaction. The probe, thermocouple, and the ceramic 

tube are presented in Fig.6. During each deposit sampling, the probe was inserted through each 

sampling point perpendicular to the gas stream. 
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1.5 mm K-type thermocouples were used to measure the temperature of the ceramic tube surface 

and the deposited layer. The temperatures of the deposits were measured at all three positions for 

a period of 30 minutes during each sampling. Note that particle and deposit samplings were 

always carried out with simultaneous temperature measurements. 

 

 

Fig.6. Experimental setup for the deposit sampling system and temperature measurements 

 

2.5.  Experimental procedure 

The particle sampling system (the pre-cyclone and low-pressure impactor) was operated for 30 

minutes during each sampling and temperature was measured simultaneously. The flue gas 

velocity could be up to 12 m/s at the sampling points estimated from a model based on 

computational fluid dynamics. The probe was docked at a depth of 0.5m (approximately in the 

middle of the cylindrical experimental combustion furnace) during the entire particle and deposit 

sampling tests, and temperature was measured simultaneously at the same insertion depth. The 

sampling time for the collection of deposits at each measurement point was also 30 minutes.   

To generate an amount of hematite dust equivalent to that generated and dispersed in the full-

scale induration machine, the required dust amount was calculated based on our measured dust 

concentration of 10000-15000 mg/Nm3 in the full-scale grate-kiln induration furnace [LKAB 

Kiruna Kulsinterverk 2 (KK2), Sweden]. To achieve similar dust concentrations in ECF, 22-32 

kg/h of hematite dust was needed to be fed. During the ECF campaign a hematite dust feeding 
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rate of 20 kg/h was chosen. The dust was fed into the ECF by allowing the dust to fall into a 

vertical pipe from the upper hood. The dust then ended up in a funnel that was connected through 

a shorter pipe to a 20-mm hole that had been drilled just outside the secondary air inlet. The dust 

was expected to be distributed in the furnace (in the direction of the flame) due to the high flow 

of secondary air. After each sampling, the low-pressure impactor and the pre-cyclone were 

carefully detached and the collected particles were stored in proper containers. The deposits 

impacted on the surface of the ceramic tubes during each sampling were also carefully stored in a 

desiccator. 

All 13 impactor substrates (from the particle sampling tests) and all ceramic tubes (from the 

deposit sampling tests) were weighed before and after each sampling to determine the mass of the 

collected particles. The particles collected in the cyclone were also weighed after each sampling 

for determination of the collected mass. The impactor substrates, cyclone particles, and the short-

term deposits were stored in a desiccator after each test and before they were analyzed employing 

several characterization techniques.  

During the ECF campaign three different scenarios were considered as follows: 

Case1: Coal was combusted with the operating conditions listed in Table 1 (without the addition 

of hematite dust). 

Case2: Natural gas was combusted with the same thermal throughput as the coal-fired runs i.e.0.4 

MW, and 20 kg/h of hematite dust was added to the gas stream as explained earlier and listed in 

Table 1.  

Case 3: Coal was combusted together with the addition of hematite dust as listed in Table 1. 

 

2.6. Characterization techniques 

 

All samples including the particles collected with the low-pressure impactor, pre-cyclone 

(cyclone particles), and the deposits (impacted on the ceramic tubes) were analyzed using a 

Merlin (Carl Zeiss NTS, Germany) Field Emission Scanning Electron Microscope (FE-SEM) 

equipped with Schottky field emitter and energy-dispersive spectroscopy (EDS). Impactor stages 

1 and 10 with the cutoff diameter of 0.03 μm and 2.6 μm, respectively, were chosen for 

characterization, based on the significant number of particles impacted on the abovementioned 

stages. Several EDS point analyses (more than 30) were carried out on the selected impactor 
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stages, the cyclone particles, and also on the cross-section of the sampled deposits. For the 

average bulk elemental composition, best populated areas were analyzed by EDS for the impactor 

particles and cyclone particles. To sidestep the aluminum signal emitted from the impactor’s 

aluminum substrates, the particles from the impactor and also the cyclone particles were carefully 

transferred from the aluminum substrates onto adhesive carbon tabs prior to microscopy. Since 

carbon tabs were used the results from the energy dispersive analysis are all reported on an 

oxygen and carbon free basis. To avoid overestimation of the Fe signal due to the bouncing effect 

coming from the adjacent Fe-rich particles in all of the hematite-pellet-dust containing samples, 

accelerating voltage was set at 10 kV. This is a relatively low voltage, yet reliable enough to 

obtain signals from the elements of interest with reasonable counts. All micrographs were 

recorded under the low-vacuum mode, mainly using a secondary electron detector, however, a 

backscatter electron detector was also used for some of the samples in this study and also during 

the automated minerology which will be explained later. 

Cross-sections of the deposit samples were prepared for SEM-EDS analysis employing epoxy 

resin casting, the resulting mold was then polished down to a desirable size. 

Automated mineralogy analysis was performed on the cross-section of the sampled deposits to 

identify and quantify different phases based on compositional contrast and elemental composition 

using INCAMINERAL coupled to a a Merlin (Carl Zeiss NTS, Germany) Field Emission 

Scanning Electron Microscope (FE-SEM). INCAMINERAL is a set of plug-ins and external 

routines that have been developed to allow automated mineral liberation analysis using the 

particle analysis software INCAFeature developed by Oxford instruments. It encompasses an 

advanced particle analysis solution together with stage automation for the determination of 

mineralogy via automated classification schemes based on compositional and morphological 

information47. More than 8000 EDS point analyses for each deposit sample were performed. 

Cyclone particles were size classified using a laser diffraction instrument CILAS 1064 in the 

range of 1 to 500 μm. Particles were suspended in deionized water, in order for the particles to be 

evenly distributed, the solution was continuously stirred, the particles were then size classified by 

means of a laser beam based on their diffracted patterns.  

XRD was only used for characterization of the deposits sampled with the ceramic tubes and not 

for the particles collected by the particle sampling system. XRD data were recorded by means of 

a PANalytical EMPYREAN X-ray diffractometer operating in the Bragg– Brentano geometry 
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using Cu Kα radiation. The diffractograms were recorded in a 2θ range of 10–90°. For qualitative 

phase analysis Crystallographica software and ICDD (International Centre of Diffraction Data) 

PDF-4 (2014) database were used. For quantitative phase analysis, the Rietveld method was 

employed using SiroQuant, Version 4. Inductively coupled plasma mass spectrometry (ICP-MS) 

was performed on the sampled deposits to ensure reliability of the point analyses by means of 

energy dispersive spectroscopy. ICP was not performed for the particles collected with the 

particle sampling system (i.e., fine particles and cyclone particles). Bulk solid deposit samples 

(slags) were fused with LiBO2 and dissolved with nitric acid according to ASTM D3682, before 

inductively coupled plasma (ICP) with sector field mass spectroscopy (SFMS) was used to 

quantify the overall elemental composition, according to SS EN ISO 17294-1, 2 (modified) as 

well as EPA- method 200.8 (modified).  

 

3. Results and discussion 

The average flue gas temperature measured with the temperature probe during coal combustion 

(with and without the addition of hematite dust; see Table 1) and natural gas combustion (where 

only hematite- pellet-dust was added to the gas stream with the same thermal throughput as the 

coal-fired runs i.e. 0.4 MW), at positions 1, 2, and 3, were approximately 1350 °C, 1250 °C, and 

1200 °C, respectively. 

 

3.1. Particle Size distribution (PSD)  

 

The particle size distribution (PSD) analyzed from the 13 stages of the low-pressure impactor 

(LPI) collected at sampling points 1 and 2, from the three scenarios (Coal, Natural gas + 

Hematite dust, and Coal + Hematite dust, referred to as Case1, Case2, and Case3, respectively) 

are presented in panels a, b, and c of Fig.7. The PSDs from pulverized coal combustion (Fig.7.a) 

indicate a major mode at the aerodynamic diameter Dp ~ 1-10 μm, however, there is a tendency 

toward the sub-micrometer mode at Dp < 0.1 μm as the mass concentration increases slightly for 

fine particles collected at both sampling points. Fig.7.b shows the PSDs for Case2, as can be seen 

from the figure, at both sampling points, there is a strong tendency toward the sub-micrometer 

mode at Dp ~ 0.1 μm, yet the major mode still remains within the interval 1< Dp < 10 μm. Note 

that the average mass of the fine particles collected with the LPI for Case2 is less than 2±1% of 
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the total mass collected with the sampling system (fine particles + cyclone particles) meaning that 

statistically the hematite dust particles have very few particles in the fine mode. The PSDs for 

Case3 (Fig.7.c) still include a major mode within the interval 1< Dp < 10 μm, however, there is a 

relatively weak peak (significantly for the PSD at position 1) which can be recognized as a minor 

mode within the interval 0.1< Dp < 0.5 μm. Both PSDs indicate a clear tendency toward the sub-

micrometer mode at Dp < 0.1 μm, exhibiting a trimodal particle size distribution at both sampling 

points.  A similar trimodal particle size distribution was observed during the full-scale trial (see 

Fig.3.b in16).  

Particle matter (PM) and the mass concentrations of the sampled particles are presented in  

Table 4, where PMtotal is the total mass collected by the particle sampling system (from stages 1-

13 of the impactor together with the cyclone particles), PM10 represents the mass concentration 

impacted on stage 13 of the impactor, PM2.5 is the mass concentration impacted on stages 1-10, 

PM1 is the mass concentration of particles from stages 1-8, and PM0.3 particles from stages 1-5. 

As shown in the Table 4, PMtotal at position1 is substantially higher than the other two positions 

for the coal-fired runs (Case1 and Case3). This is because position1 is close to the flame where 

soot formation and unburnt char (due to incomplete combustion) could have contributed to the 

calculated PMtotal.  

As presented in Table 4, the mass concentration of coarse particles (cyclone particles, Dp > 10 

μm) is substantially higher than the fine particles sampled with the LPI for all three cases. 
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Fig.7. PSDs from Case1 (a), Case2 (b), and Case3 (c), sampled with the 13-stage LPI 

 

Table 4. Mass concentrations (mg/Nm³) of particulate matter 

Mass concentration (mg/Nm³) 

 

 
Case1  Case2 Case3  

 

Position1 Position2  Position1 Position2  Position1 Position2 

PMtotal 5.8×104 1.9×103  1.4×104 1.1×104  7.6×104 1.3×104 

PM10 2699 302  201 62  284 282 

PM2.5 1776 248  169 55  203 184 

PM1 393 86  106 43  67 35 

PM0.3 231 32  94 37  35 14 
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3.2. Elemental compositions and morphology  

Secondary-electron SEM images of particles from stage 1 (representing the sub-micrometer 

mode) and stage 10 (representing the particles in the range 1< Dp < 10 μm, hereinafter called the 

first fragmentation mode) are presented in Fig.8, and the average elemental compositions (in 

weight percent together with their respective standard deviations from several repeated 

samplings) of the abovementioned selected stages are shown in Fig.9, on an oxygen and carbon 

free basis.  

3.2.1. Sub-micrometer particles  

In all three scenarios, particles impacted on stage 1, which are supposedly in the particle size 

range 0.03< Dp < 0.06 μm, consist of agglomerated ultrafine spherical particles from vaporization 

and condensation of the more volatile ash species. Theses spheres were found in abundance 

particularly from Case 1 and 3 owing to the presence of glassy spheroidized ash globules. In 

Case3, agglomerated nanoparticles were most abundantly found at all sampling positions together 

with spherical sub-micrometer particles (originating from coal ash) dispersed in ultrafine 

vaporized Fe particles (Fig.8.c).  

Judging from the PSD for Case2 (Fig.7.b), it can be inferred that hematite dust particles sampled 

with the impactor have a higher particle number concentration (PNC) in the sub-micrometer 

mode compared to that in the first fragmentation mode (1< Dp < 10 μm). As shown in Fig.7.b the 

mass concentration of these ultrafine particles is either equal to that of the particles with Dp>1 μm 

(sampling position 2 from the PSD), or even higher than that (sampling point 1 from the PSD). 

Therefore, considering the fact that these sub-micrometer particles have a much lower density 

compared to the first fragmentation mode (1< Dp <10 μm), the abovementioned supposition about 

the difference in number concentration appears to be valid, and hematite dust particles sampled 

with the impactor predominantly consist of sub-micrometer particles, hence the cloudy look 

observed from stage1 of several samples in Case2. 

According to Fig.9.a, particles from stage 1 in Case1, irrespective of oxygen, primarily consist of 

Si, Al, Fe, P, Ca, and S, with minor Ti, Mg, K, and Na. For Case2 stage 1 is dominated by 

vaporized Fe (approximately 90wt%) with minor V, Si, Na, and traces of Mg, K, P, and Al. The 

number of sub-micrometer particles from Case2 is lower than that of Case1, judging from the 

respective PSDs (Fig.7), therefore, for Case3-which can be thought of as the combination of the 

first two cases- the dominance of coal fly ash composition over hematite dust can be expected. 
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Stage1 in Case3 is predominantly composed of Si and Fe followed by Al, P, S, and Ca with 

minor K, Mg, Ti, Na, and V. Comparing the three different cases in Fig.9.a, it can be presumably 

suggested that, in the sub-micrometer mode, Al, P, S, and Ca come almost entirely from the coal 

ash, whereas the rest could originate from both coal and hematite dust particles. 

 

3.2.2. The first fragmentation mode 

 

Particles impacted on stage 10 (the first fragmentation mode) are evidently in the particle size 

range 2.6< Dp < 4.2 μm. For Case1, this mode is mainly composed of spherical particles, 

however, irregularly shaped particles which mainly consist of Si and Al (almost certainly from 

the disintegration of kaolinite and illite) were also found. Stage 10 for Case3 primarily consists of 

both angular particles (from disintegrated hematite dust particles) together with coal ash globules 

(spherical particles).   

As shown in Fig.9.b, this mode for Case1 consists of Si, Al, Fe, Ca, with minor Ti and P, and 

traces of K and Na. The composition of the particles from the first fragmentation mode for Case2 

is relatively close to that of the hematite dust presented in Table 1, however, this mode is not a 

major contributor to the PSD shown in Fig.7.b, as the mass concentration and accordingly the 

number concentration of particles in the sub-micrometer mode is higher. In addition, for Case2, 

the mass concentration of particles in the first fragmentation mode is lower than that for Case1 

(Fig.7.a, b). Therefore, coal fly ash composition is expected to be predominant in Case3 (Coal + 

Hematite dust), however, according to the results presented in Fig.9.b, the situation is moderately 

the opposite and hematite dust particles have a slightly stronger contribution to the first 

fragmentation mode for Case3. The reason is most likely due to the condensation of the 

vaporized Fe (from hematite fines) onto to the existing larger particles and/or coagulation of the 

finer particles to form coarser (here the first fragmentation mode) particles.  

Fig.10 shows typical particles from the first fragmentation mode for Case3 at a higher 

magnification. Characteristically, for Case3, particles in the first fragmentation mode can be 

divided into five categories: (1)spherical Fe rich particles (Fig.10.a), (2)unevenly shaped particles 

rich in Fe with minor amounts of Si and Al (Fig.10.a), (3)spherical coal ash globules with Si and 

Al as their major constituents and minor amounts of Fe and Ca (Fig.10.b), (4) dense spheres 

(smaller than coal ash globules Dp < 1.5 μm) which are now enriched in Fe as a result of Fe 
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incorporation into their glassy texture (Fig.10.b), (5) uneven particles consisting mainly of Si and 

Al with the stoichiometry close to that of meta-kaolinite presumably formed as a result of 

disintegration of coal clay minerals kaolinite and illite (Fig.10.b). Elemental analyses showed that 

theses rough-edged particles do not seem to have been affected by the presence of excess Fe 

originating from hematite dust. 

In order to compare the elemental compositions shown in Fig.9 on a similar basis, the elemental 

compositions should be normalized. Meij et al. normalized concentrations with respect to the ash 

content48, Querol et al. normalized concentrations with respect to a non-volatile element and 

calculated the enrichment factors49. Here, the enrichment factors were chosen as the basis and 

were calculated as follows:  

 

Where EF is the enrichment factor, [E] is the concentration of a given element in Case3 or Case1 

and [Al] is the aluminum content, which is the chosen normalizing agent. Note that the intention 

with this correction was to compare the elemental compositions of the sub-micrometer and firs 

fragmentation mode in Case3 with Case1 to investigate the effect of hematite addition. Therefore, 

for both Case1 and Case3 the enrichment factors were calculated for the elemental compositions 

shown in Fig.9 and the results are shown in Table 5.  

Table 5. Enrichment factors – comparison of Case 3 (hematite dust addition) with Case 1 

(without the presence of hematite dust) for the sub-micrometer and first fragmentation mode  

Elements  Na K Al Si P S Mg Ca Ti Fe 

Enrichment factors for the sub-micrometer mode 2.3 2.3 1 1.1 1.3 1.2 1.8 1 1 4.8 

Enrichment factors for the first fragmentation mode 1.5 1.1 1 1 1 - 3.4 1 1.2 17.5 

 

Any value close to 1 suggests that hematite addition has no effect on the elemental composition 

of that specific element and meaning that the major contributor for that element is coal. For 

instance, considering the enrichment factors of Fe in both the sub-micrometer- and first 

fragmentation modes, it can be clearly inferred that Fe has been significantly enriched when 

hematite dust was added (transition from Case1 to Case3) and clearly, hematite dust contributed 

to the increase in Fe content in both modes. Si, Al, Ca, and P (even though to a lesser extent) 

were not affected as a result of hematite addition and it can be suggested that hematite addition 

(or transition from Case1 to Case3) did not affect the concentrations and these elements all 
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originate from the coal ash in both modes. In the sub-micrometer mode Na and K were 

considerably affected and hematite addition contributed significantly (due to condensation of 

these elements from the gas phase) to the enrichment, meaning that alkalis could originate from 

both hematite dust and coal ash. However, in the first fragmentation mode this contribution was 

less severe, meaning that in the first fragmentation mode alkalis (specifically K) mostly originate 

from the coal ash. Mg could originate from both hematite dust and coal ash considering that the 

hematite dust added contained olivine. These results were in close agreement with the hypotheses 

made in the previous study from our full-scale campaign16.  
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Fig.8. Secondary-electron SEM images of fine particles from all three cases. 

 

 

 

(c) 
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Fig.9. Average elemental compostions (in wt.% with standard deviations) of particles from stage 

1 and 10 of the impactor on an oxygen and carbon free basis.  
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Fig.10. Secondary-electron SEM images of particles from the first fragmentation mode for Case3 

(coal + hematite dust).   

3.2.3. The second fragmentation mode (Cyclone particles) 

 

As tabulated in Table.4, the mass concentration of particles trapped in the pre-cyclone dominates 

the total mass collected with the sampling system in all three cases. The average mass of coarse 

particles sampled with the pre-cyclone (from multiple runs), for Case1, constitutes 90±5% of the 

total mass collected with the sampling system. This value for Case2 and Case3 was 98±1% and 

96±2%, respectively. The latter is, as expected, very close to what was seen from our previous 

measurements at the transfer chute of the full-scale rotary kiln16. The size distribution of the 

cyclone particles analyzed with a laser diffraction instrument (CILAS 1064), for Case3 (Coal + 

Hematite dust), proves to be similar to that of the coarse particles sampled during the full-scale 

trial16 with the mean particle diameter of ~ 30 μm. Moreover, from the same laser diffraction 

analysis, the particle diameter of approximately 10 wt% of the cyclone particles proves to be less 

than 18 μm whereas 90 wt% of these particles have a Dp less than 40 μm. The mean particle 

diameter of the cyclone particles is smaller than that presented in Fig.4 for the raw hematite dust 

used, and compared to the latter, the size distribution of the cyclone particles is shifted toward 

smaller values. This could be as a result of, either, the extensive disintegration of hematite dust 

particles, or could be associated with the difficulty in capturing large particles, the majority of 

which could have hit and bounced off the ceramic tube. The similar difficulty was observed in the 

previous full-scale trials16. However, the particle size distribution of cyclone particles is, to a 

reasonable extent, in agreement with what is shown in Fig.4 for the raw hematite dust. 
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The average bulk elemental composition of cyclone particles for Case2 and Case3 from multiple 

runs is presented in Table.5. The bulk elemental composition of cyclone particles sampled during 

the combustion of coal (Case1), at all three positions, is very close to that of the deposits 

collected during the combustion of coal (see Table.6, column Case 1). In Case2, as expected, the 

bulk elemental composition of the cyclone particles (Table.5) is very close to that of the raw 

hematite dust (See Table.1) with an average Fe content of approximately 95 wt% and minor 

amounts of Si, Mg, Ca, Al.  

For Case 3 (Coal + Hematite dust), which is the main focus in this study, the second 

fragmentation mode (cyclone particles) consists of semi-molten particles, cenospheres, 

ferrospheres, plerospheres, and porous particles (originating from the coal). However, the 

majority of the cyclone particles sampled with the particle sampling system, appear to have a 

sharp-cornered-unevenly-shaped morphology originating from hematite dust (Fig.11). As can be 

seen in Fig.11, a significant number of coal ash globules with Dp> 1 μm were abundantly found 

attached to the surface of these unevenly shaped particles, the average elemental composition of 

these molten ash globules in wt% (on an oxygen and carbon free basis) is as follows; ~56% Si, 

~18% Al, ~12% Fe, ~7% Ca, ~2% Ti and P, ~1% Na, Mg, and K. The abovementioned elemental 

composition clearly shows that these molten globules originate from the coal ash. In essence, 

these ash globules belong to the first fragmentation mode and as explained earlier (section 3.2.2) 

a considerable portion of them were found in the impactor, however, due to the sticky nature of 

these particles, they were also frequently found attached to the surface of large hematite dust 

particles trapped in the pre-cyclone. Even though these ash globules do not seem to have wet the 

surface (probably due to high surface tension forces), they could hypothetically act as glue on the 

surface of the existing larger particles (e.g., hematite dust particles), and intensify agglomeration. 

The foregoing could be thought of as a probable mechanism for deposit formation in rotary kilns. 
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Table5. Average elemental compositions (in wt%±standard deviation) of the cyclone particles 

  

 

Cyclone Particles 

 
Case2 (Natural gas+ hematite dust) Case3 (coal + hematite dust) 

Mg 1.3±0.5 0.9±1 

Al 0.2±0.1 7.9±2 

Si 1.4±1 10.7±2 

Ca 0.5±1 1.5±0.5 

Fe 96±2 79±5 

 

 

Fig.11. Secondary-electron SEM images of the cyclone particles from co-combustion of Coal & 

Hematite dust (Case 3) 
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3.3. Short-term deposits  

 

Short-term deposits during coal combustion (Case1) consists of rod-like crystals surrounded by a 

glassy aluminosilicate phase (Fig.12.a), whereas the short-term deposits from Case3 (Coal + 

Hematite dust), are mostly fused hematite particles embedded in what appears to be a non-

crystalline Fe-rich aluminosilicate glassy phase (Fig.12.b). Fig.12.c shows the short-term deposits 

from Case3 at a lower magnification. Notice the morphology of the hematite dust particles (the 

white particles in the backscattered image), sharp-edged hematite dust particles have now 

assumed a smooth-edged morphology, and the corners (the previously sharp edges) have become 

rounded as a result of interaction with the aluminosilicate glassy phase. Fig.12.d and Fig.12.e are 

the secondary electron SEM images of the short-term deposits (at a lower magnification) 

collected during coal combustion (Case1) and coal combustion with the addition of hematite dust 

(Case3), respectively. Considerably denser deposits were formed as a result of hematite dust 

addition and image analysis proved that porosity decreased from the average value of 28 area% in 

Case1 to 8 area% in Case3. In consequence, unlike the short-term deposits collected in Case1 

which were brittle and easy to break, the short-term deposits collected in Case3 were 

considerably stronger, hard to break, and hard to remove from the ceramic tube.  
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Fig.12. Secondary-electron SEM images of the morphology of the deposits (a)coal combustion 

(b) Coal combustion with the addition of hematite dust (c) Backscattered SEM image of the 

hematite dust particles surrounded by the aluminosilicate glassy phase (Coal + hematite dust). (d) 

Secondary-electron SEM images of the deposits in Case1 (e) Secondary-electron image of the 

deposits in Case3. 

(a) (b) 

(c) 

(d) (e) 
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Clearly, the bulk chemical composition of the short-term deposits in Case2 (Natural gas + 

hematite dust) was exactly similar to that of the raw hematite dust and will not be discussed 

further. The average bulk chemical composition of the deposits (Case1 and Case3) from multiple 

repeated runs employing ICP are given in Table.6. The results are presented in wt% of the 

corresponding oxides of the elements. The major inorganic elemental distributions comprising 

the bulk deposit material (deposits collected in Case 1, Table.6) are different from the original 

fuel ash (Coal ash, Table 1). The most prominent difference is the enrichment of Si and Al 

against most of the other inorganic elements. S and Cl are depleted in the collected deposits 

suggesting that these elements along with part of Na and K are likely to have formed non-oxide 

compounds, most of which are volatile under the global conditions of pulverized-fuel firing. The 

significant enrichment of K and Na (especially the particles captured in stage 1 of the impactor), 

with respect to their original content in the fuel, supports the abovementioned suggestion. This 

stems from the chemical association of these elements in the fuel along with the high degree of 

fragmentation of fuel particles (which is characteristic of high temperature pulverized-fuel firing) 

implying the likelihood of volatilization of smaller ash particles. This is in fact fractionation of 

ash forming elements during high temperature pulverized firing. 

The bulk chemical composition of the sampled deposits from coal combustion (Case1) was 

similar at all three positions, whereas for Case3, bulk composition of the deposits sampled at 

position3 was different from that of the deposits sampled at positions 1 and 2.  

Table6. Average bulk elemental composition of the deposits 

 

Case1(coal) Case 3 (coal + hematite dust) 

 

Positions 1,2,3 Positions 1,2 Position 3 

SiO2 56.2±5 16.7±3 12.5±2 

Al2O3 32.2±4 9.6±2 7.4±2 

CaO 2.4±1 1±0.2 1±0.1 

Fe2O3 5.2±1 69.7±4 82.9±4 

K2O 0.5±0.2 0.2±0.1 <0.09 

MgO 0.8±0.3 1.3±0.2 1.4±0.2 

Na2O 0.3±0.1 0.1±0.1 0.1±0.1 

P2O5 0.9±0.3 0.3±0.1 0.4±0.1 

TiO2 1.6±0.3 0.6±0.1 0.4±0.1 
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Fig.13 compares the bulk elemental composition of the deposits measured by EDS with that 

measured by ICP to ensure reliability of the point analyses by means of energy dispersive 

spectroscopy which is the main characterization technique in this work. Clearly, Fig.13 could 

also serve as a verification tool for the reliability of the results obtained from automated 

minerology (See Table 8). As can be inferred from the figure the bulk elemental compositions 

measured by these two methods are in close agreement. According to Fig.13, the bulk elemental 

composition of the cyclone particles in Case3 is similar to that of the deposits collected during 

the same experiments (Case3), implying that the coarse mode (the second fragmentation mode) 

has a key role in deposit formation. The same statement holds true for Case1, meaning that, as 

mentioned earlier (not shown in Fig.13 for conciseness), the average bulk elemental composition 

of the cyclone particles in Case1 is similar to that of the deposits collected during the same 

experiments (Case1). Note that Fig.13 only shows the major elements found in the deposits and, 

for instance, Na2O and K2O are not shown in the figure since EDS did not reflect any 

considerable signal from these elements. However, ICP as a more reliable and precise technique 

proved that traces of Na and K were present in the deposits (see Table 6) suggesting either 

possible condensation of alkali vapors onto the existing particles or formation of sub-micrometer 

particles. Either case, the infinitesimal presence of these elements in the deposits is indisputable.  

 

Fig.13. Comparison of the average bulk elemental composition of the deposits (on an oxygen and 

carbon free basis) measured by ICP with that measured by EDS  
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The glassy phase from Case1 and Case3 are compared with respect to the sampling position 

(Fig.14), notice the difference in Fe content of the glassy phase between the two sampling 

positions (positions 1 and 2) as a result of the rise in the flue gas temperature at position 1. 

However, the difference in Fe content, when comparing Case1 with Case3, is due to the 

incorporation of the hematite dust particles into the glassy phase as a result of interaction with the 

aluminosilicate glassy phase (as explained previously and shown in Fig.12.c). For Case2 (Natural 

gas + hematite dust) no glassy phase was found in the deposits. 

 

 

 

 
Fig.14. Comparison of the elemental composition of the glassy phase (Case1 vs Case3) (a)Case1, 

position 1(b)Case3, position 1 (c) Case1, position2 (d) Case3, position 2. (Secondary-electron 

SEM images).  

(a) (b) 

(c) (d) 
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Table 7 shows the phases and their respective elemental composition criteria defined for 

Automated Mineralogy. Each phase was assigned a detection range with respect to elemental 

composition, and also a specific gravity value (g/cm3) to convert area to mass which was 

approximately determined as the product of area multiplied by specific gravity. As mentioned 

previously more than 8000 EDS point analyses for each deposit sample were performed and the 

results are tabulated in Table 8. According to data obtained from automated minerology (Table 

8), for Case1 at position1 (temperature approximately 1350 °C) the deposits are mostly composed 

of two major phases namely the metakaolinite (or mullite-like) phase and an aluminosilicate-

glassy phase each accounting for 51 wt% and 43 wt% of the deposits respectively, with traces of 

a silica-rich (quartz) phase and an Fe-rich (hematite) phase. At position2 for Case1, a higher 

degree of crystallization was expected due to the relatively lower temperature at this position 

(approximately 1250 °C), therefore, compared to position1, a lower fraction of the glassy phase 

(39 wt%) and a higher fraction of the silica-rich (quartz) phase was observed. Regarding Case3, 

at position1 a high fraction (63 wt%) of an Fe-rich (hematite) phase was observed due to the 

addition of hematite dust particles with a composition relatively close to that of the raw hematite 

dust. These samples also contained a non-crystalline Fe-rich aluminosilicate phase (26 wt%) 

surrounding the solid-Fe-rich (hematite) phase. At position2 for Case3, the same phases were 

identified with a higher fraction of solids, specifically the Fe-rich (hematite) phase, and a lower 

fraction of the glassy phase due to the relatively lower temperature at this position compared to 

position1. For both Case1 and Case3 at positon3, the same phases were identified as those 

identified at positions 1 and 2. However, due to the lower temperature measured at this position 

compared to that measured at the first two positions, the fraction of the solids was much higher at 

this position and the glassy phase (for both Case1 and Case3) accounted for less than 10 wt% of 

the deposits. Regarding Case2 (Natural gas + hematite dust) as mentioned previously, no glassy 

phase was found in the deposits and the identified phases and compositions were exactly similar 

to that of the raw hematite dust which is why Case2 is not listed in Table 8.  

As can be seen in Table 8, the bulk compositions of the deposits were back calculated from the 

phase compositions and fractions of the phases present. The calculated bulk compositions were 

then compared to the bulk compositions measured by ICP. In general, the calculated bulk 

compositions are in close agreement with the measured bulk compositions, which confirms the 

accuracy of the phase identifications and their relative proportions. To ensure validity of the 
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analyses (especially phase identifications), XRD was performed on the deposits sampled at 

positions 1 and 2. As an illustration, two diffractograms are shown in Fig.15, where the top graph 

is a deposit sampled at position1 during coal combustion (Case1) and the bottom graph a deposit 

sampled during coal combustion with the addition of hematite dust (Case3). Rietveld analysis 

was performed on the sampled deposits at positions 1 and 2 and the results are shown in Table 9. 

Clearly, the results summarized in Table 9 agree well with Table 8. 

 
Fig.15. Diffractogram obtained from deposit material collected at position1. Top graph (coal 

combustion), bottom graph (Coal + Hematite dust).  

 

Table 9. Rietveld analysis of the deposits from Case1 (coal) and Case3 (coal + hematite dust) in 

wt%.  

  

Coal 

position1 

Coal 

position2 

Coal+ hematite dust  

 position1 

Coal + hematite dust 

 position2   

Phase 

    

  

Amorphous 49.3 ± 2.1 46.7 ± 2.0 19.4 ± 2.5 15.7 ± 2.5   

Mullite 46.1 ± 1.5 44.2 ± 1.5 9.1 ± 2.0 11.6 ± 1.9   

Hematite 0.4 1.1 ± 0.3 66.7 ± 2.1 69.9 ± 2.0   

Quartz 3.7 ± 0.5 6.7 ± 0.4 0.6 0.9 ± 0.3   

Cristobalite 0.5 1.3 ± 0.3 1.2 ± 0.3 1.9 ± 0.4   
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Table 7. Phases and their elemental composition criteria defined for Automated Mineralogy  

 Phase 

Specific 

gravity 

(g/cm3) 

Elemental composition criteria (wt.%, oxygen free) 

1 Quartz (Si-rich) 2.65 Al≤5, Si≥80 

2 Hematite (Fe-rich) 5.26 Mg≤5, Al≤5, Si<10, Fe≥80 

3 Metakaolinite(mullite-like) 2.65 Na≤5, Al+Si≥80, K≤5, Ca≤5, 0.8<Si/Al<1.5, Fe≤5 

4 Fe-Aluminosilicate (glassy) 2.75 Na≤5, Al≥7, Si>20, K≤5, Ca≤5, Fe>5, Fe+Al+Si≥80 

5 Aluminosilicate (glassy) 2.65 Na≤5, Al>15, Si>20, Si+Al≥80, K≤5, Ca≤5, Fe≤5, Si/Al>1.5 

6 Unclassified  2.7 Others 

Table 8. Main constituents of the short-term deposits for Case 1 (coal) & Case 3 (coal + hematite 

dust)-analysis in wt.% 

 
Phase name 

Phase 

fraction 
SiO2 Al2O3 CaO Fe2O3 K2O MgO Na2O P2O5 TiO2 

C
a

se
1
 P

o
si

ti
o

n
 1

 

Bulk(ICP) - 56.2 32.2 2.4 5.2 0.5 0.8 0.3 0.9 1.6 

Bulk(Calculated)a - 57.3 29.6 1.8 6.1 0.3 0.4 0.3 0.6 1.6 

Hematite (Fe-rich) 0.01 16.3 9.1 0.0 74.6 0.0 0.0 0.0 0.0 0.0 

Quartz (Si-rich) 0.03 94.8 5.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Metakaolinite(mullite)  0.51 52.8 45 0.6 0.4 0.1 0.3 0.1 0 0.7 

Aluminosilicate/glassy 0.43 63.7 14.8 3.6 11.9 0.57 0.7 0.5 1.4 2.9 

Unclassified  0.02 
         

C
a

se
1
 P

o
si

ti
o

n
 2

 

Bulk(ICP) - 56.2 32.2 2.4 5.2 0.5 0.8 0.3 0.9 1.6 

Bulk(Calculated) - 57.1 28.9 3.5 5.8 0.2 0.7 0.2 1.1 0.6 

Hematite (Fe-rich) 0.02 4.7 6.9 0.0 87.3 0.0 0.3 0.0 0.0 0.8 

Quartz (Si-rich) 0.08 91.2 8.3 0.5 0.0 0.0 0.0 0.0 0.0 0.0 

Metakaolinite(mullite) 0.49 52.1 43.4 2.6 1.2 0.0 0.0 0.0 0.3 0.4 

Aluminosilicate/glassy 0.39 61.9 17.5 5.5 8.9 0.5 1.7 0.4 2.5 1.1 

Unclassified  0.02 
         

C
a

se
3
 P

o
si

ti
o

n
 1

 

Bulk(ICP) - 16.7 9.6 1.3 69.7 0.2 1.3 0.2 0.3 0.6 

Bulk(Calculated) - 20.1 10.4 0.9 66.0 0.1 0.7 0.1 0.2 0.4 

Hematite (Fe-rich) 0.63 1.5 4.1 0.0 93.9 0.0 0.4 0.0 0.0 0.1 

Quartz (Si-rich) 0.01 97.1 0.6 0.1 2.2 0.0 0.0 0.0 0.0 0.0 

Metakaolinite(mullite) 0.09 51.2 43.7 0.7 1.4 0.3 1.5 0.3 0.0 0.9 

Fe-Alsilicate/glassy 0.26 52.4 14.8 3.3 25.7 0.3 1.3 0.4 0.9 0.9 

Unclassified  0.01 
         

  
  
  
C

a
se

3
 P

o
si

ti
o

n
 2

 

Bulk(ICP) - 15.5 8.3 1.0 73.0 0.1 1.3 0.1 0.3 0.4 

Bulk(Calculated) - 19.2 8.1 0.9 68.8 0.1 1.0 0.1 0.3 0.5 

Hematite (Fe-rich) 0.7 6.5 5.3 0.1 86.6 0.0 1.2 0.0 0.0 0.3 

Quartz (Si-rich) 0.02 91.3 3.7 0.5 4.4 0.0 0.1 0.0 0.0 0.0 

Metakaolinite(mullite) 0.1 50.2 42.1 0.6 6.2 0.1 0.4 0.1 0.1 0.2 

Fe-Alsilicate/glassy 0.17 54.3 16 4.4 17.4 0.5 4 0.6 1.6 1.2 

Unclassified  0.01          
a Calculated from the phase compositions and fractions of the phases present    
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Fig.16 compares the slagging tendency in all three cases, most importantly, the slagging tendency 

of the coal ash particles (Case1) with that of Case3 (coal ash+ hematite dust particles). Fig.16.a 

shows the average ash deposition rate in (g/h) with and without the addition of hematite dust 

particles versus the sampling positions from repeated experiments. This approach has been 

commonly used to determine the deposition rate in bench-scale, pilot-scale, and industrial 

facilities43, 50. For Case2 (natural gas + hematite dust), the deposition rate (g/h) is slightly affected 

by temperature and changes very little from position1 all the way to position3, whereas, for the 

other two cases the deposition rate is to a large extent affected by temperature and decreases with 

decreasing temperature from position1 to position3. The reason for this is because no glassy 

phase (molten fraction) was observed in the deposits from natural gas combustion (with the 

addition of hematite dust) at any of the sampling positions, whereas, for the other two cases a 

considerable proportion of the supposedly sticky glassy-phase was seen. Therefore, for Case2, 

deposition seems to be controlled mainly by inertial impaction or particles stochastically hitting 

the deposition probe (ceramic tube) without the presence or help of a sticky liquid phase. The 

second axis in Fig.16.a shows the proportion of the glassy phase observed in the deposits sampled 

during coal combustion (Case1) and there seems to be a clear correlation between the amount of 

this glassy phase and the deposition rate for Case1 and Case3 both of which contain coal ash 

particles. Here, the deposition seems to be also controlled by inertial impaction yet enhanced with 

the help of this supposedly sticky glassy-phase from coal ash particles. This glassy phase 

hypothetically acts as glue providing cohesive forces between the hematite dust particles and the 

coal ash particles. This is also the reason that all of the deposition rate values calculated for 

Case2 are below the other two cases, with the exception of sampling position3 at which the 

deposition rate is negligibly lower for Case1 compared to Case2. The reason is, in calculating the 

deposition rate values only mass of the collected deposits per time was taken into account and the 

ash content in Case2 and Case3 is substantially higher (owing to the presence of hematite dust, 

with the addition rate of 20 g/h) than that in Case1 where only coal ash particles are present. This 

is also one of the reasons that all of the deposition rates calculated for Case3 are substantially 

higher than the other two cases (Fig.16.a). Comparing Case1 with Case3, with the addition of 

hematite dust, the inorganic content is increasing drastically from that of the coal (12.7wt%) to 

approximately 40wt% for Case3 (Coal + hematite dust) since 20 (kg/h) of hematite dust particles 

were added. Therefore, one way or another, during the pelletizing process, the inevitable presence 
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of hematite dust will increase the ash content, thereby increasing the deposition  

rate (g/h). However, to investigate ‘’only’’ the effect of ash composition on deposit formation 

(notwithstanding the ash content), the measured deposition rates should be normalized with the 

ash content in a way, which was done for the values in Fig.16. b. Since hematite dust was not 

premixed with the coal, the direct normalizing with the ash content did not seem reasonable and 

an alternative approach was taken into account for the difference in ash content. Here, the 

normalized deposition rate (hereafter referred to as deposition fraction, which is the fraction of 

ash that deposited on the ceramic tube in wt%) is defined as:  

 

  

Dash denotes the deposition mass of ash for a certain exposure time t.Fash-probe and Fash-furnace are 

the mass flow rates of ash in the cross-sectional areas of the probe (Ap) and the furnace (Af), 

respectively. 

As can be seen in Fig.16.b, as a result of the abovementioned correction which only takes ash 

composition into account, for Case2 all values are significantly below the values calculated for 

the other two cases implying the significant effect of coal ash and its glassy phase in deposition. 

Regarding the other two cases (Fig.16.b), deposition fraction for Case1 is lower than that for 

Case3 at position1 and position2. However, at position3 the deposition fraction for Case1 is 

slightly higher. This has only to do with the significant amount of the coal ash glassy phase at the 

first two positions and the substantially lower amount of this phase at position3 (less than 10 

wt%). Therefore, it seems for higher temperatures the presence of hematite dust exacerbates 

deposition and more deposits will build up, whereas, at low temperatures the presence of 

hematite dust has no significant effect on deposition and only increases the ash content. 

Therefore, in rotary kilns of the iron ore pelletizing plants, at high temperatures deposition is 

governed by the presence of an Fe-rich aluminosilicate molten phase derived from the interaction 

between coal ash constituents and hematite dust particles (as reflected in the values calculated for 

deposition fraction in Fig.16.b), whereas, at low temperatures deposition is governed by the ash 

content. Thus, at low temperatures the presence of hematite dust does worsen the situation but 

only due to a significant increase in the ash content and has very little to do with ash chemistry 
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and ash composition (as if there is no or very little interaction between coal ash particles and 

hematite dust at low temperatures). 

Fig.16.c plots the mass fraction of Fe2O3 (wt%) in the deposits collected from Case3, recall the 

difference in Fe content of the deposits collected at position1 and 2 with that of the deposits 

collected at position3 (Table 6). This is again due to the presence of the glassy phase in the coal 

ash particles and thereby their deposition rate. As mentioned previously, the deposition of 

hematite dust particles was very little affected by temperature (see Fig.16.a, Natural gas + 

hematite dust), and they will deposit at an equal rate at all sampling points (due to inertial 

impaction) whether or not a glassy phase is present. Therefore, in Case3 (which can be thought of 

as the combination of Case1 and Case2) deposition is mainly governed by the coal ash particles, 

and the lower the amount of their glassy phase the lower the deposition rate. Therefore, the Fe 

content at positions 1 and 2 were almost similar in multiple experiments (even though slightly 

higher at position2 due to the lower deposition rate of coal ash at lower temperatures), whereas, 

the Fe content at position3 was significantly higher than the first two positions due to the lowest 

deposition rate of coal ash at this temperature. In Fig. 13d the second axis is the fraction of Fe in 

the glassy phase in Case 1 and Case 2 (see Fig.14). There is a positive correlation between the Fe 

content of the glassy phase and the calculated deposition fractions implying that viscosity plays a 

significant role in deposit formation as viscosity is expected to decrease with increasing Fe 

content of the glassy phase, which will be verified in Part II of this study. 
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Fig. 16. Slagging tendency (a) measured deposition rates for all three cases and measured 

fractions of the glassy phase (b) deposition fractions (normalized deposition rates with respect to 

the ash content in each case) and correlation with the glassy phase fractions (c) Average Fe2O3 

content in the deposits sampled in Case3 (d) correlation between deposition fractions and the Fe 

fraction in the glassy phase. 
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4. Conclusions  

In this work, characterization of the particles (fly ash) and short-term deposits sampled at three 

positions of the 0.4 MW Experimental Combustion Furnace was carried out. Addition of hematite 

dust did not have a significant effect on the PSD’s of the sub-micrometer and the first 

fragmentation modes, however, a transition from a bimodal PSD to a trimodal PSD was observed 

and the elemental bulk composition of the abovementioned modes was changed. A similar 

trimodal particle size distribution was observed during our full-scale trial16. The additional mode 

at 0.1< Dp <0.5 μm could be attributed to the coagulation of coal ash fine particles with the 

hematite dust. Mass concentration (mg/Nm³) of particulate matter showed that the addition of 

hematite dust had an additive effect on the PMtotal value and increased the mass concentration of 

particle matter from PMtotal calculated for Case1 (coal combustion) to a higher value for Case3 

(Coal + hematite dust).  

Interactions were observed between coal ash and hematite dust in the coarse mode (second 

fragmentation/cyclone particles) and a significant number of coal ash globules were abundantly 

found attached to the surface of the cyclone particles collected in Case3 which could be 

considered a possible mechanism for ash formation in the rotary kilns of iron-ore pelletizing 

plants.  

The significant role of the second fragmentation mode in deposit formation was inferred from the 

considerable similarity between the bulk composition of cyclone particles and that of the short-

term deposits, and also the fact that the second fragmentation mode (cyclone particles) 

constituted approximately 98 wt.% of the total particles collected with the particle sampling 

system. 

The short-term deposits during coal combustion (Case 1) were highly porous in contrast to the 

high degree of sintering observed in the experiments with hematite addition. As a result of 

incorporation of Fe in the aluminosilicate glassy phase (hypothetically a molten phase), stronger 

deposits are formed thereby complicating ash handling and ash removal.  

The morphology of the sharp-edged hematite dust particles was changed to smooth-edged round 

particles which proved that hematite dust particles must have interacted with the surrounding 

aluminosilicate glassy phase originating from the coal ash. The foregoing is the reason why the 

Fe content in the aluminosilicate glassy phase increased when hematite dust was added.  
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Addition of hematite dust increased the ash content from that of the coal ash (in this case 13.5 

wt.%) to that of coal ash and hematite dust (in this case approximately 37 wt.%), hence 

increasing the amount of deposits collected when hematite dust was added.   

However, deposition rates (when normalized to the ash content) were unaffected at lower 

temperatures (Position 3), whereas at higher temperatures (position 1 & 2) deposition rates were 

higher (compared to case 1) when hematite dust was added to the stream. Therefore, at higher 

temperatures the presence of hematite dust exacerbates deposition and more deposits are formed, 

whereas, at low temperatures the presence of hematite dust has no significant effect on deposition 

and only increases the ash content. In rotary kilns of the iron ore pelletizing plants, at high 

temperatures deposition is governed by the presence of an Fe-rich aluminosilicate molten phase 

derived from the interaction between coal ash constituents and hematite dust particles, whereas at 

lower temperatures (below 1200 º C) deposition is governed by the ash content.  
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Abstract 

Fly ash particles from the combustion of solid-fuels together with disintegrated particles arising from iron-

ore pellets result in accumulation of deposits on the refractory linings of the grate-kiln induration machine 

during the iron-ore pelletizing process. Deposit formation gives rise to decreased production efficiency, 

unscheduled outages, high cleaning costs, and equipment failures. The deposits amass in the high-

temperature regions of the induration furnace thus disturbing the flow of gas and pellets. Therefore, to 

tackle the above-mentioned issues, an understanding of deposit formation mechanism is of crucial 

importance. This study was conducted with the objective of addressing the effect of disintegrated iron-ore 

pellet dust on deposit formation and the mechanisms behind deposition (slagging) in the grate-kiln 

process. A comprehensive set of experiments was conducted in a 0.4 MW pilot-scale pulverized-

coal- fired furnace (ECF) where three different scenarios were considered as follows; Case1 (reference 

case): Coal was combusted without the presence of pellet dust. Case2: Natural gas was combusted 

together with simultaneous addition of pellet dust to the gas stream. Case 3: Coal was combusted together 

with the addition of pellet dust simulating the situation in the large-scale setup. Fly ash particles and short-

term deposits were characterized and deposition was addressed in Part I of the current work. In light of the 

experimental observations (Part I) coupled with thermochemical equilibrium calculations and viscosity 

estimations (Part II), a scheme of slag formation during the iron-ore pelletizing process was proposed. The 

dissolution of Fe into the Ca-rich-aluminosilicate melt (from the coal-ash constituents) decreased the 

viscosity and resulted in the formation of stronger (heavily sintered) deposits. The results suggested that 

pellet dust slagging tendency was independent of temperature, within the studied temperature-range 

(approximately 1100-1500 ºC), and required an auxiliary phase-provided by coal-ash- to form tenacious 

particles and cause slagging. Overall, this pilot-scale work forms part of a wider study which aims at 

deepening the understanding of ash transformation phenomena during the large-scale pelletizing process.  
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1. Introduction 

Iron ore is one of the most important natural resources with a reportedly annual mining rate of 

1600 Mt in 2010 1, 2. Approximately 98% of the mined ore is used in the steelmaking industry, 

following which process the mined iron ore can be directly used as lumps or shaped into pellets 

to be reduced either in direct-reduction plants or in blast furnaces1-3. Iron ore pellets primarily 

consist of iron oxides with small amounts of various additives and a specific binder all of which 

are intended to improve the mechanical and metallurgical properties of the pellets. Unlike most of 

the pelletizing plants that use hematite concentrates, the Swedish iron ore company LKAB 

(Luossavaara-Kiirunavaara Aktiebolag) uses magnetite concentrates for production of commercial 

iron ore pellets. Finely ground moist magnetite concentrate (delivered from the on-site 

concentration plant) is shaped into small spherical pellets (green balls) of 10-14 mm in diameter 

in rolling drums. The two most widely-used processes in pelletizing include the travelling-grate 

process [commonly used for hematite (Fe2O3) concentrates], and the grate-kiln process which is 

commonly used for magnetite (Fe3O4) concentrates. During the grate-kiln process (which is the 

focus here), the green balls are transported on a moving grate in a 22-25 cm layer (the bed) while 

subjected to drying/oxidation by means of preheating gas streams of increasing temperatures (up 

to approximately 1200 °C). Upon leaving the grate, the pellets enter a rotating kiln to reach the 

firing temperatures of over 1250 °C necessary for the sintering process. The pellets are then 

transferred into an annular cooler where cold air is blown through the sintered finished products. 

The total residence time of the pellets during the entire process (on the grate, in the kiln, and in 

the cooler) is approximately 60 minutes4-6. Estimated temperatures in the kiln are ∼1200 °C at 

the inlet, while in the burner zone, the temperature reaches ∼1350 °C and the flame temperature 

reaches up to 1700-1800 °C. To reach a sufficiently high process temperature in the kiln which is 

crucial for the sintering process, pulverized coal is combusted as the predominant fuel, however, 

fuel oil is also used when starting up the kiln and/or when problems with the coal supply arise1, 7. 

Preheated air (∼1200 °C) from the first zone of the cooler is used as combustion air with an 

air/fuel ratio corresponding to an oxygen partial pressure of 0.16 atm in the flue gas. During the 

process, the microstructure and the phase composition of the pellets change drastically. The most 

important chemical reaction is the exothermic oxidation of magnetite (Fe3O4) to hematite (Fe2O3) 

which is the predominant phase in the finished products. A more detailed description of the grate-

kiln setup is given in Part I of this study.  
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One of the important aspects during fuel conversion is the transformation of ash-forming matter 

through which the formation of molten ash material can result in deposition of slag (deposits) 

upon the furnace wall. Deposit formation or slag formation is a challenging issue in the iron-ore 

pelletizing process and cause numerous complications for the pelletizing plants. Coal ash 

particles together with disintegrated iron-ore pellet dust particles amass on the refractory walls, 

resulting in the buildup of deposits, most drastically in the hot areas (e.g., fireside slagging closer 

to the burner, inside the rotary kiln, and the beginning of the cooler)7. Prearranged maintenance at 

the LKAB’s grate-kiln production plants is carries out annually to repair the moving grate and to 

mechanically remove the sintered deposits from the inner walls, a process that takes 

approximately 1 to 2 weeks of out-and-out shutdown. In addition to the aforementioned planned 

maintenance, unscheduled stoppages are encountered when the deposited layer disturbs the flow 

of gas and pellets and/or when a chunk of deposited matter falls from the inner walls. This causes 

production disturbances and severely affects the production capacity of the pelletizing plant. 

Furthermore, the formation of deposits in rotary kilns of iron-ore pelletizing plants, not only 

cause mechanical strains but also degrade the refractory lining over time due to high temperature 

corrosion8.  

The transformation of ash-forming elements in pulverized-coal combustion has been 

comprehensively studied9-13, in contrast, ash deposition phenomena in iron-ore pelletizing rotary 

kilns have yet to be understood and there is very limited information regarding this in the 

literature14-17. The potential for coal firing in the grate-kiln system was previously investigated18. 

A certain type of coal that caused slagging in a grate-kiln setup was discussed in a previous 

study19, the grading properties of the coal and burner operation were also explored in the same 

study.  Deposit formation in a rotary-kiln (for oxidized pellets) burning natural gas was 

previously studied15. A study conducted by LKAB suggested that coal ash could hypothetically 

act as a binding bridge in between the iron-ore pellet particles20.  

In contrast to the limited understanding of ash transformation phenomena during the iron-ore 

pelletizing process, the mechanisms of fly ash formation in pulverized-coal combustion are 

extensively covered in the literature21-30. Deposit formation mechanisms in pulverized-fuel 

combustion from fly ash particles are also broadly discussed in the literature31, 32. Several 
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noteworthy reviews and scientific papers addressing ash transformation phenomena in 

pulverized-fuel combustion were mentioned in Part I of this study33-48. 

Compared to pulverized coal fired boilers, there are similarities as well as differences regarding 

ash deposition phenomena in the rotary kilns of iron ore pelletizing plants. In contrast to 

pulverized coal fired boilers, a grate-kiln process is characterized by a highly oxidizing 

atmosphere, a longer residence time, and the presence of recirculating alkalis and disintegrated 

iron-ore pellet dust in the flue gas. The interaction between fly ash particles from coal 

combustion with the intrinsic entrained Fe-rich particles (arising from the disintegration of iron-

ore pellets) makes ash deposition -in a grate-kiln process- a much more complex phenomenon 

compared to that in ordinary pulverized coal-fired boilers. Moreover, ash deposition in a grate-

kiln process is affected by several factors including the process conditions, the chemical 

properties of iron-ore pellets and coal-ash and their potential interactions with one another and 

with the refractory walls. 

Considering the foregoing, this study was initiated with the objective of investigating the effect of 

disintegrated pellet dust particles on melt formation (liquid slag) and, consequently, on deposit 

formation in a grate-kiln process. This study was inspired by our investigations and findings from 

our previously conducted pilot-scale7, 49 and full-scale measurement campaigns16, 17 which spotted 

a considerable difference in the rate of deposition and the properties of the resulting deposits 

when iron ore pellet dust was present. Accordingly, several experiments were carried out in a 

pilot-scale (0.4 MW) Experimental Combustion Furnace (ECF) with the objective of 

investigating the effect of disintegrated iron-ore pellet dust on deposit formation in a pilot-scale 

pulverized coal combustion furnace to be able to generalize the research findings to a wider range 

of situations and address deposit formation in the full-scale rotary-kiln process.  

Characterization of fly ash particles and deposits was presented in Part I of this study whereas 

thermochemical equilibrium calculations and viscosity estimations are discussed here (part II of 

this work).   

As previously explained in Part I, the major inorganic elemental distributions comprising the bulk 

deposit material were different from the original fuel ash. The most prominent difference was the 

enrichment of Si and Al against most of the other inorganic elements. S and Cl were depleted in 
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the collected deposits suggesting that these elements along with part of Na and K were likely to 

have formed non-oxide compounds, most of which are volatile under the global conditions of 

pulverized-fuel firing. The significant enrichment of K and Na -especially the particles captured 

in stage 1 of the impactor (Part I)-, with respect to their original content in the fuel, supports the 

abovementioned suggestion. This stems from the chemical association of these elements in the 

fuel along with the high degree of fragmentation of fuel particles (which is characteristic of high 

temperature pulverized-fuel firing) implying the likelihood of volatilization of smaller ash 

particles. This is in fact fractionation of ash forming elements during high temperature pulverized 

firing and constitutes a potential for melt formation. Considering this, the composition of the 

sampled slags is used as inputs in the thermochemical equilibrium calculations of this study 

instead of using the original fuel ash composition. In light of the findings in Part I which 

emphasized the significant role of the coal ash particles in deposit formation, a sequential ash 

transformation scheme is proposed on the basis of the most abundant inorganic elements in the 

sampled deposits (slags). This was meant to study the effect of change in deposit composition 

(associated with pellet dust addition) on phase equilibrium conditions under the global conditions 

in the ECF. 

2. Materials and methods 

2.1.  Description of the Experimental combustion furnace (ECF) 

The 0.4 MW pilot-scale pulverized coal fired furnace, owned by the iron ore pelletizing company 

LKAB in Sweden, is designed to simulate a downscaled 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 long with the outer- and inner diameter of 1200 mm and 800 mm respectively. It is 

lined with 200 mm-thick refractory bricks and the outer steel mantle has a thickness of 10 mm. 

Heated secondary air of ~1100 °C is supplied to the ECF kiln via two perforated ceramic sections 

that are located above and below the burner. Unlike the rotary kiln, the ECF does not rotate, and 

the sampling locations were positions P1, P2, and P3 as marked in Fig1. The operating conditions 

used during the campaign are summarized in Table 1.  
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Table 1. Applied kiln operating conditions 

 Flow rate Temperature (⁰C) 

Transport air flow 26 Nm3/h = 0.00934 kg/s 27 

Primary air flow 167 NL/min = 0.0036 kg/s 27 

Secondary air flow 2200 Nm3/h = 0.79 kg/s 1080 

Coal flow 48 kg/h = 0.01333 kg/s 27 

Pellet dust flow 0 or 20 kg/h  

Partial pressure of oxygen = 0.16 

 

 

 

Fig.1. Experimental Combustion Furnace (ECF) 

 

2.2. Ash chemistry and mineral analysis  

 

Chemical analyses of the high rank bituminous coal and disintegrated pellet dust (KPBO) used in 

this study are shown in Table2. Kiruna pellet blast furnace olivine (KPBO) is an olivine fluxed 

blast furnace pellet designed for 100% pellet operation in blast furnaces. The olivine used is 

forsterite (2MgO·SiO2). Due to its high affinity for water, the clay mineral bentonite is added as a 

binder in the production of both types of pellets50. The pellet dust was collected from the full-

scale process where complete oxidation of magnetite to hematite was ensured. In this study, X-

ray fluorescence (XRF) was carried out at LKAB’s laboratories to determine the chemical 

composition of the pellet dust. X-ray diffraction (XRD) proved that over 97 wt.% of the collected 
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pellet dust consisted of hematite (Fe2O3) together with minor crystalline phases containing Si, 

Mg, Ca, Al, followed by traces of other elements as listed in Table 2. Given the foregoing, the 

following two terms, namely, ‘’pellet dust’’ and ‘’hematite dust’’ are equivalent and hereinafter 

used interchangeably. 

Quantitative mineralogy of the coal was carried out using the X-ray diffraction facility located at 

CSIRO’s North Ryde laboratories (Table.3)51. Detailed description of sample preparation for the 

above-mentioned analysis can be found in Part I of the present study.  

Table 2. Chemical compositions of the coal and pellet dust (KPBO) 

Fuel / Pellets Coal  Pellet dust 

Proximate analysis (wt-% as received) 

 

Volatile matter 20.96 - 

Fixed carbon 60.34 - 

Moisture 6 11.2 

Ash (fuels) / Minerals (pellets) 12.7 88.8 

 

Ultimate analysis (wt-% dry) 

C 74.6 - 

H 3.9 - 

N 1.4 - 

O (by difference) 6.26 30.60 

Cl 0.01 <0.002 

S 0.33 <0.001 

Effective heating value (MJ/kg) 29.34 0.5139 

 

Elemental analysis (wt-% dry) 

Si 3.63 0.98 

Al 2.14 0.12 

Fe 0.21 66.91 

Ca 0.09 0.33 

K 0.05 0.03 

Mg 0.03 0.90 

Mn 0.01 0.06 

Na 0.01 0.03 

P 0.05 0.025 

Ti 0.07 0.09 

Ba 0.03 - 

V - 0.11 

Ni - <0.03 

Zn - <0.003 

Cu - <0.001 

Cr - <0.01 
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Table 3.  Mineral phases of the coal (Low temperature ashing)51 

Mineral phase Chemical formula 

 

Mass fraction (wt.%) 

 

Ash yield, wt.%  15.4 

Quartz SiO2 19.5 

Kaolinite Al2Si2O5(OH)4 63.5 

Illite (K, H3O)(Al, Mg, Fe)2(Si, Al)4O10 [(OH)2, (H2O)]  10.2 

Siderite FeCO3 2.0 

Calcite CaCO3 0.8 

Fluorapatite Ca5(PO4)3F 3.2 

Goyazite SrAl3(PO4)2(OH)5·(H2O) 0.8 

Sum 
 

100 

 

2.3. Sampled deposits (Slags) and temperature measurements 

 

Short term deposits (slags) were sampled from 3 different positions (P1, P2, P3) via a water-cooled 

rapid dilution sampling probe. The sampling locations are marked in Fig1. The water jacketed 

stainless steel probe was constantly cooled during the samplings to avoid deformation of the 

probe due to the high process temperature ~1200-1350 °C. The entire body of the probe was 

water-cooled and made of stainless steel (EN 1.4436). An uncooled hollowed cylindrical ceramic 

(high purity alumina) tube with a length of 100 mm and an outer diameter of 12 mm (inner 

diameter ~8 mm) was mounted at the tip of the water-cooled probe to collect short-term deposits 

so that the fly ash particles would hit the surface of this ceramic tube and a mass of deposited 

matter would form and accumulate on the wind-side of the ceramic tube, primarily due to inertial 

impaction. The probe, thermocouple, and the ceramic tube are presented in Fig2. During each 

deposit sampling, the probe was inserted through each sampling point perpendicular to the gas 

stream. 

1.5 mm K-type thermocouples were used to measure the temperature of the ceramic tube surface 

and the deposited layer. The temperatures of the deposits were measured at all three positions for 

a period of 30 minutes during each sampling. Note that deposit samplings were always carried 

out with simultaneous temperature measurements. To generate an amount of pellet dust 

equivalent to that generated and dispersed in the full-scale induration machine, the required dust 

amount was calculated based on our measured dust concentration of 10000-15000 mg/Nm3 in the 

full-scale grate-kiln induration furnace [LKAB Kiruna Kulsinterverk 2 (KK2), Sweden]. To 

achieve similar dust concentrations in ECF, 22-32 kg/h of pellet dust was needed to be fed. 
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During the ECF campaign a pellet dust feeding rate of 20 kg/h was chosen. Detailed description 

of the sampling system and the experimental procedure is given in Part I. As explained in more 

detail in Part I, during the ECF campaign three different scenarios were considered as follows: 

Case1: Coal was combusted with the operating conditions listed in Table 1 (without the addition 

of pellet dust). 

Case2: Natural gas was combusted with the same thermal throughput as the coal-fired runs i.e.0.4 

MW, and 20 kg/h of pellet dust was added to the gas stream as listed in Table 1 (details on the 

addition of pellet dust and the way it was introduced into the furnace can be found in Part I. 

Case 3: Coal was combusted together with the addition of pellet dust as listed in Table 1. 

For thermochemical equilibrium calculations of the present study short-term deposits sampled 

during the combustion of coal (without the presence of pellet dust, Case 1), and short-term 

deposits collected during the combustion of ‘’coal + pellet dust’’ (Case 3) are considered.  

To quantify the overall elemental composition, the bulk solid slag samples (short-term deposits) 

were analyzed using inductively coupled plasma (ICP) technique with sector field mass 

spectroscopy (SFMS) (detailed information is given in Part I). The average bulk chemical 

composition of the deposits (Case1 and Case3) from multiple repeated runs employing ICP are 

given in Table.4. The results are presented in wt.% of the corresponding oxides of the elements.  

The bulk chemical composition of the sampled deposits from coal combustion (Case1) was 

similar at all three positions, whereas for Case3, bulk composition of the deposits sampled at 

position3 was different from that of the deposits sampled at positions 1 and 2 (the reason behind 

this is discussed in Part I). 
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Table 4. Average bulk elemental composition of the deposits 

 

Case1(coal) Case 3 (coal + pellet dust) 

 

Positions 1,2,3 Positions 1,2 Position 3 

SiO2 56.2±5 16.7±3 12.5±2 

Al2O3 32.2±4 9.6±2 7.4±2 

CaO 2.4±1 1±0.2 1±0.1 

Fe2O3 5.2±1 69.7±4 82.9±4 

K2O 0.5±0.2 0.2±0.1 <0.09 

MgO 0.8±0.3 1.3±0.2 1.4±0.2 

Na2O 0.3±0.1 0.1±0.1 0.1±0.1 

P2O5 0.9±0.3 0.3±0.1 0.4±0.1 

TiO2 1.6±0.3 0.6±0.1 0.4±0.1 

    

Several other characterization techniques were performed on the sampled deposits namely, 

Scanning Electron Microscopy (SEM-EDS), X-Ray diffraction (XRD), quantitative phase 

analysis (the Rietveld method), and Automated Minerology. Detailed description of the above-

mentioned characterization techniques is given in Part I. 

 

2.4. Sinterability tests  

 

To study sintering and melting behavior of the sampled deposits (slags), sintering tests were 

performed using a newly developed optical dilatometer Misura HSM-ODHT which continuously 

captures in-situ shadow images of the sample while exposed to heat. It measures the change in 

area (shrinkage) of shadow images (two dimensional) with respect to temperature and time 

during the thermal process. The slag was ground to a fine powder using marble pestle and mortar. 

The powder was then mixed with deionized water to form a slurry, which was then compacted 

into a cylindrical pellet and dried. Then the sample was placed on an alumina plate (15 x 15 mm2) 

resting on a thermocouple inside the tube furnace. The microscope transfers the image of the 

sample inside the furnace at 5X magnification through a quartz window and onto the recording 

camera. Both oxidizing and reducing conditions were used, for the reducing condition a mixture 

of 60 volume% CO with 40 vol% CO2 was used and for the oxidizing condition the experiments 

were conducted in pure CO2.  The samples were non-isothermally heated first at a heating rate of 

15°C/min up to 600°C and then at a heating rate of 10 °C/min up to 1550 °C which is the 

maximum temperature the instrument can reach. The sintering temperature was defined as the 
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temperature at which the area of the pellet (derived from the height and width of the sample as 

projected to the camera) becomes < 99 % of its original area. The characteristic ash fusion 

temperatures were defined according to standardized method DIN 51730 1984.   

 

 

Fig.2. Experimental setup for the deposit sampling system and temperature measurements 

 

2.5. Thermochemical equilibrium calculations 

 

The Equilib module of FactSage 52, 53 was used to carry out thermochemical equilibrium 

calculations (TEC) based on the minimization of Gibbs free energy of the system in question as 

functions of temperature and composition. Calculations carried out in the present study involve 

fixed and varying ideal-gas partial pressures (i.e. chemical potentials) in order to study 

equilibrium conditions as dictated by the process atmosphere. Mass balance is another constraint 

in this study, and in the calculations, the chemical composition of the slags collected during the 

campaign was used as input. Varying compositions of the slag were also tested under the 

constraints dictated by the process atmosphere (i.e. chemical potentials). The databases used in 

the thermochemical equilibrium calculations are FToxid SLAGA with the following chemical 

species; (oxide melt: Na2O, K2O, Al2O3, SiO2, CaO, FexOy, MgO, MnxOy, ZrO2, P2O5), and also 

FactPS which contains pure stoichiometric gas and solid phases. The gas phase (ideal gas) was 

treated as a perfect mixture. Moreover, numerous solid solution phases from the FToxid databse 
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were selected, as many as allowable by the software (40-44 solid solutions), then trial-and-error 

was carried out to rule out selection of insignificant solid solutions. The listed phases in this 

regard are limited to those predicted in the results. Even though the FactSage solution databases 

are generally considered one of the most comprehensive available, some noteworthy 

inconsistencies in the prediction of systems containing alkalis persist. For instance, the FactSage 

databases lack ternary compounds in the system CaO-K2O-SiO2 and the interactions between 

K2O and CaO are assumed to be ideal52, 53. Even though the amount of alkalis in the current study 

is insignificant, yet it is important to emphasize that the results of thermochemical equilibrium 

calculations carried out in this study are meant for qualitative interpretation of phase 

transformations and comparison between different scenarios in question (e.g. pure coal ash and 

coal ash + pellet dust), rather than obtaining accurate quantitative information. Chemsheet54 was 

also used to facilitate thermochemical equilibrium calculations using thermodynamic databases 

and models from FactSage. The aforementioned databases use quasi-chemical and sub-lattice 

models to predict the thermodynamic properties of multi-component systems from the optimized 

parameters of its binary, ternary and quaternary sub-systems55, 56. For the liquid slag phase a 

modified quasi-chemical model has been used in the FToxid database, whereas, the sub-lattice 

and polynomial models have been used for the solid solutions55, 56.  

 

2.6. Viscosity estimation 

 

Viscosity models are employed in various industries to predict the viscosity of a given slag, 

however, the models are only applicable to a certain range of compositions and process 

atmosphere, no wonder their performance cannot be readily assessed. In the present study, the 

viscosity models (listed in the Appendix) used in this study include the Watt-Fereday, Lakatos, 

Streeter, BBHLW, Duchesne, Bomkamp, S2, Kalmanovitch-Frank, Shaw, Urbain, and Riboud 57, 

58. In addition, the artificial neural networks model for fully molten slags (ANNliq)59 and also 

modified versions of all of the abovementioned models coupled with the Roscoe-Einstein model 

(RE modification)60 were employed in this work. Roscoe-Einstein modification accounts for the 

presence of solid phases in the slag based on the theoretical relation developed by Roscoe60. 

Details for the Roscoe-Einstein modification and ANNliq can also be found in Duchesne et al 61. 

To select the best models for the specific operating conditions of this study and also with respect 



13 
 

to the slag compositions (the molten fraction of the slag as obtained from SEM_EDS), actual 

viscosity measurements were selected from the literature. Over 90 actual viscosity measurements 

-closest to the liquid slag compositions and gas atmosphere (oxidizing condition) of this study- 

were taken from two references57, 62. The absolute logarithmic error (AALE)59 for each viscosity 

model was calculated with respect to the difference between the selected measurement data57, 62 

and the predicted viscosity values. The details and formulas to calculate the absolute logarithmic 

error are explained by Duchesne et al59. On average, the measured value is equal to the predicted 

value multiplied by 10 to the power of the average absolute logarithmic error. Therefore, a 

smaller AALE error is indicative of a better model, hence better predictive performance61. 

 

3. Results and discussion 

 

The average flue gas temperature measured with the temperature probe during coal combustion 

(with and without the addition of pellet dust; see Table 1) and natural gas combustion (where 

only pellet-dust was added to the gas stream with the same thermal throughput as the coal-fired 

runs i.e. 0.4 MW), at positions 1, 2, and 3, were approximately 1350 °C, 1250 °C, and 1150 °C, 

respectively. However, due to the deposition and coverage of ash upon the alumina tube (alumina 

shield), the average slag temperature differs from the abovementioned thermocouple readings and 

depends on the thermal conductivity of the alumina tube as well as that of the slags (deposits) 

deposited on the alumina tube. Even though the effective thermal conductivity of the slags can 

substantially vary depending on the degree of sintering and temperature, it is expected to be in the 

range reported in63, 64. The average temperature of the slags based on the specifications of the 

thermocouples used during the campaign and a slag thickness of 5mm, were estimated to be 

approximately 50 °C above the thermocouple readings. Therefore, in the thermochemical 

equilibrium calculations, slag temperatures of 1400 °C, 1300 °C, and 1200 °C (for slags collected 

at positions 1,2, and 3, respectively) were considered.   

As previously explained, the composition of the sampled slags is used as inputs in the 

thermochemical equilibrium calculations of this study instead of the original fuel ash 

composition. In light of the findings in Part I which emphasized the significant role of the coal 

ash particles in deposit formation, a sequential equilibrium calculation approach is proposed 

where the composition of the pure coal-ash slag (slags collected in Case 1) is taken as the 
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reference point and pellet dust is added to the system. This was meant to study the effect of this 

compositional change (slag composition change associated with pellet dust addition) on phase 

equilibrium conditions under the global conditions in the ECF. 

  

3.1. Effect of oxygen partial pressure  

 

In combustion processes the effective partial pressure of oxygen may vary over a wide range, 

from reducing conditions within the flame and also near the surface of the burning char particles 

to highly oxidizing conditions in the burnout zone and away from the flame. To be able to gain 

insight into deposit formation phenomena in rotary kilns of iron ore pelletizing plants, it is of 

prime importance to take the chemical potential of oxygen into account, as there is a considerable 

amount of iron in the system and oxygen partial pressure plays a key role in determining the 

proportion of ferrous iron (Fe2+) to ferric iron (Fe3+) in the stable phases. Fig.3 shows the effect 

of oxygen partial pressure on phase equilibrium conditions. The relative amount of liquid (mass) 

is plotted as a function of temperature for conditions corresponding to oxygen partial pressures of 

0.21, 10-3, 10-5atm, and in equilibrium with metallic iron (i.e. the chemical potential of iron is set 

equal to unity simulating conditions where the system is in equilibrium with metallic iron). The 

short-term deposit (slag) collected from positions 1& 2 in Case 3 (Coal + pellet dust) was 

selected for these calculations (Table 4). Only the 5 major elements namely, Si, Al, Fe, Ca, and O 

were considered to ‘’qualitatively’’ examine the effect of oxygen partial pressure in the five-

component system SiO2-Al2O3-CaO-FeO-Fe2O3. As can be seen from Fig.3, for a given 

temperature the relative mass of the liquid phase increases with decreasing oxygen partial 

pressure and the temperature at which the first melt forms (the solidus temperature) decreases 

with decreasing oxygen partial pressure. 
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Fig.3. Effect of oxygen partial pressure on the relative mass of the liquid phase  

 

3.2. Pseudo-ternary sections and projections of the liquidus surface in the five-

component system SiO2-Al2O3-CaO-FeO-Fe2O3 

 

Investigating the effect of pellet dust addition on equilibrium phase assemblages is difficult 

without information on how the liquidus temperature changes as a function of composition (i.e. 

change in the liquidus temperature associated with change in Fe2O3 content). This information 

can be obtained through a set of thermochemical equilibrium calculations based upon the 

plausible global conditions inside the furnace (ECF). A pseudo-ternary section which can be used 

to predict liquidus temperatures of the slag with a given mass ratio of SiO2/Al2O3= 1.76 

(calculated from the composition of the slag collected in Case 1), as a function of Fe2O3 content 

is illustrated in Fig.4. The system is simplified to a five-component system SiO2-Al2O3-CaO-

FeO-Fe2O3 for several reasons; First, the coal used in this study is a high-rank bituminous coal 

and in most bituminous coals over 90 wt.% of the mineral matter is derived from the oxides of 

silicon, aluminum, iron, and calcium13, therefore, it is believed that this system provides a useful 

first approximation to the behavior the coal-slags collected. Secondly, projection of the liquidus 

surface can be made onto this pseudo-ternary section which provides comprehensive information 

regarding the liquidus isotherms, univariants, primary crystallization phase fields and so forth. 

Moreover, the pseudo-ternary constructions were selected so that the slag compositions remain 

on the plane with the addition of Fe2O3, therefore, the amount of Fe2O3 required to achieve a 
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certain chemistry can be readily worked out. For instance, to change the composition of the slag 

from the reference point (average slag composition from Case 1-Table.4, indicated by point a) to 

point b through addition of Fe2O3, the amount of Fe2O3 (according to the lever rule) should be 

100*(ab)/(bc) g per 100 g of the reference slag. The average composition of the slags collected 

during coal combustion with the addition of pellet dust (taken from Table.4) is indicated by point 

c in Fig4. Lastly, coal blending strategies can be developed in a similar manner when coals with 

the same SiO2/Al2O3 are blended. Note that point a and c represent the average composition of 

the slags collected during several combustion experiments (standard deviations are given in 

Table.4).  

 

Fig.4. Pseudo-ternary section (SiO2+Al2O3)-CaO-Fe2O3 with SiO2/Al2O3 = 1.76 
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Clearly the mass ratio of (SiO2+Al2O3)/CaO remains constant along the line drawn from point (a) 

all the way to the Fe2O3 corner (100 wt% Fe2O3), therefore, the fact that point (c) almost falls on 

this line suggests that pellet dust addition did not significantly change the CaO content of the slag 

composition, which is due to the negligible amount of Ca in the pellet dust (see Table.1). This 

was referred to in Part I as well suggesting that pellet dust addition did not have a significant 

effect on the Ca content of neither the fine fly ash particles nor the short-term deposits. However, 

CaO is kept in the third apex as Ca is a major element in the coal used and pulverized firing with 

a comparatively high fuel particle fragmentation is always likely to disperse ash particles rich in 

Ca (i.e. localized conditions). Moreover, other than KPBA (the pellet dust used in this study) 

LKAB produces other types of pellets where dolomite and limestone are used as additives both of 

which contain a considerable amount of Ca. Therefore, even though these types of pellet dust 

were not experimentally tested in Part I of this study, it is of interest to examine the effect of 

these types of pellet dust on deposit formation from a thermochemical equilibrium modeling 

perspective. 

Figures 5 and 6 show projections of the liquidus surface onto the respective pseudo-ternary 

sections (at SiO2/Al2O3 weight ratio of 1.76) when the partial pressure of oxygen is 0.16 atm and 

in equilibrium with metallic iron (the metallic iron activity is set equal to unity), respectively. ‘’In 

equilibrium with metallic iron’’ corresponds to the reducing conditions which are expected in the 

flame. Even though the partial pressure of oxygen can substantially vary within the flame and 

assume any reducing value, metallic iron saturation (although an unlikely scenario), was chosen 

as an extremely reducing condition to qualitatively show the effect of oxygen partial pressure on 

the primary phase fields and the liquidus temperatures as the slag composition changes. 

Liquidus isotherms plotted in Figs.5 and 6, represent all compositions in the ternary section with 

a given liquidus temperature. The boundary lines constitute the primary phase fields indicating 

the first solid to form from the liquid slag upon cooling.  
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Fig.5. Projection of the liquidus surface at 16% oxygen, change in liquidus temperature and 

primary phase fields as Fe2O3 is added to the average bulk composition of the deposits collected 

in Case 1 (point a) to the final compositional point in Case 3 (point b) 

 

As can be seen from the figures, the liquidus temperature decreases as Fe2O3 (and/or FeO) is 

added to the initial slag composition (slag collected in Case 1), moving from point ‘’a’’ to point 

‘’b’’ as (SiO2+Al2O3)/CaO is kept constant. The reason is, upon this change in slag composition 

the primary phase fields move from the primary crystallization field of ‘’Mullite’’, with a 

reportedly high melting temperature, to that of ‘’Spinel’’ which has a relatively lower melting 

point. Note that, these diagrams cannot be used to trace the crystallization paths since the solid 

compounds formed do not necessarily fall in the pseudo-ternary section and as solidification 

proceeds the composition of the remaining melt moves out of the ternary section. 
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Fig.6. Projection of the liquidus surface at metallic iron saturation, change in liquidus 

temperature and primary phase fields as FeO is added to the average bulk composition of the 

deposits collected in Case 1 (point a) to the final compositional point in Case 3 (point b). 

 

Fig.7a and Fig.7b present the liquidus temperatures as a function of the mass fraction of pellet 

dust in the slag, at the oxygen partial pressure of 0.16 atm and in equilibrium with metallic iron, 

respectively. A sequential calculation approach is structured so that the left part of the diagram is 

the composition of pure coal ash (i.e. 100 wt% slag collected in Case 1 and 0 wt% pellet dust) 

while the composition of pellet dust increases, in increments, in the total slag composition. 

Judging from the composition of the slags collected at positions 1 and 2 (Table.4, Case 3), the 

mass fraction of pellet dust in the final slag (slag collected in Case 3) is estimated to be 

approximately 70±5 wt% of the slag, hence the final compositional point in the calculations.  

This is equivalent to addition of approximately 250±30 grams of pellet dust to the initial coal ash 

(slag collected in Case 1). These values (70±5 wt% pellet dust in the total ash, and 250±30 grams 
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pellet dust added to 100 g coal ash) are used interchangeably in the thermochemical equilibrium 

calculations of this study as the final compositional points.  

Fig.7b. suggests a significant decrease in the liquidus temperature from approximately 1650 ºC 

down to a pseudo-eutectic point at approximately 1290 ºC. Given that the temperature in the 

flame (in pulverized coal combustion) could be in the range of approximately 1700-1800 ºC or 

even higher13, even if we assume an unlikely low flame temperature, say 1450 ºC, the resulting 

slag would still be completely molten when the fraction of pellet dust in the slag is as low as 

15±2 wt%.  This set of calculations was only meant to qualitatively show that melt formation 

could be extensively high within the flame. Most of the Fe-rich particles collected with the pre-

cyclone (Part I of this study) that appeared to be totally molten could have undergone this phase 

transformation within the flame.  

 

 

Fig.7. (a) liquidus temperatures at 16% oxygen, (b) in equilibrium with metallic iron 

 

3.3. Phase assemblages as a function of temperature and pellet dust addition 

Distribution of solid phases below the solidus temperature:  

The proportions of the various solid phases present below the solidus temperature as a function of 

pellet dust addition are shown in Fig 8. Note that the solidus temperature increases slightly (by 

20±5 ºC) as a function of pellet dust addition, therefore, the phase distribution was calculated at 

the respective solidus temperatures corresponding to a given pellet dust addition. However, the 

addition of pure Fe2O3 (instead of pellet dust that contains 95±2 wt% Fe2O3 ,see Table.1) to the 

initial coal ash slag did not affect the solidus temperature suggesting that the slight change shown 
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in Fig.8a could also be deemed negligible and that solidus temperature is almost unaffected by 

the addition of pellet dust. The proportion of tridymite and feldspar decreases as more pellet dust 

is being added and mullite vanishes when the pellet dust content reaches approximately 70±1 

wt% in the slag.  The relative mass of cordierite increases slightly whereas that of corundum 

undergoes a rapid and sharp upsurge implying that treating the system in this manner does not 

achieve comprehensive inference due to the potential dilution effect of excessive Fe2O3 on the 

data. The system could have been simply oversaturated with Fe2O3 thereby the rapid formation of 

corundum without significant interaction of corundum with the coal ash constituents. Therefore, 

phase assemblages were calculated disregarding corundum and the results are illustrated in 

Fig8.b. It can be readily inferred from the figure that the proportion of tridymite is almost 

constant, it slightly decreases from 34±1 wt% to 32±1 wt%. However, mullite completely 

vanishes and is being replaced by mostly cordierite followed by feldspar, part of it is also 

replaced by corundum. This is confirmed by tracing the distribution of the major elements in 

mullite i.e. Si, Al within the present solid phases including corundum and the results are 

presented in Fig8.c and Fig8.d. Note that this is the amount of element in a given phase divided 

by the total amount of the same element in the system (all phases combined) at a given pellet dust 

addition, therefore, using the terms molar and/or mass fraction is irrelevant. Among the elements 

in the initial coal ash, only Al (other than Fe) is incorporated in corundum as the content of pellet 

dust in the slag increases. The fraction of Al in mullite goes down from approximately 75±1% to 

zero (Fig8.d). According to the calculations, at the final compositional point (70±1 wt% pellet 

dust) 40±2% of Al (in mullite) is incorporated in corundum and the rest is present, mostly in 

cordierite (35±2%), followed by feldspar (23±2%).  

In addition to its Al content, mullite is also being depleted in silicon and 100% of its silicon is 

distributed between cordierite followed by feldspar (Fig.8c). The slight depletion of Si in 

tridymite (Fig8.c) is due to Si being incorporated in cordierite and feldspar. At the solidus 

temperatures, at the initial slag composition, 50±2 % of Fe is stable in mullite while the rest is 

stable in corundum. Upon addition of pellet dust, the amount of Fe in mullite goes rapidly down 

and eventually upon disappearance of mullite, 100% of Fe is in corundum solid solution.  The 

graph is deliberately not shown in this paper to be able to offer the most important figures but 

similar graphs showing the distribution of Fe are presented and discussed later. 
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Fig8. The proportions of the various solid phases present below the solidus temperature 

 

Figures 9-11 show the distribution of the condensed phases, the most occurring elements in the 

collected slags (Si, Al, Fe) as a function of pellet dust addition. This set of results was obtained 

from thermochemical equilibrium calculations carried out at the temperatures of interest i.e. the 

slag temperatures 1200 ºC, 1300 ºC, and 1400 ºC at the sampling positions 1,2, and 3, 

respectively.  

Solid and liquid phases at 1200 ºC:  

The proportions of the solid phases present at 1200 ºC temperature (Fig.9a) is similar to what was 

seen at the solidus temperature, since the system is relatively close to the solidus temperatures 

(approximately 1080-1100 ºC). The relative mass of tridymite, and feldspar decreases as more 

pellet dust is added and approaching the final compositional point mullite starts to disappear. The 

relative mass of liquid (Fig.9a) starts to decrease upon addition of pellet dust from approximately 

8.5±1 wt% at the initial slag composition to 2.5±1 wt% at the final compositional point. The 
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proportion of cordierite increases slightly and that of corundum experiences a sharp increase at a 

considerably high rate, again implying that the phase assemblage (all stable phases) could have 

been affected by the dilution effect of excessive Fe2O3 unleashed in the system. Therefore, Fig.9b 

was plotted disregarding corundum to examine the dilution effect of Fe2O3. Tridymite and the 

liquid phase are only slightly affected by pellet dust addition (Fig.9b) as opposed to the 

considerably higher decrease that was seen in Fig.9a for both phases. Tridymite decreases by 

only 0.5±0.1 wt% (at 70±1 wt% pellet dust content), whereas the liquid increases by 0.9±0.3 

wt%, neither of these changes can be seen in Fig.9b due to the relatively higher variations 

experienced by the other conjugate phases (mullite, cordierite, and feldspar).  Seemingly, mullite 

is being replaced by cordierite and feldspar according to Fig.9b (this cannot be justified when 

merely considering the results in Fig.9a), even though part of mullite is also replaced by 

corundum. The substitution of mullite by cordierite and feldspar is strongly confirmed by tracing 

the distribution of the major elements in mullite i.e. Si, Al within the present solid phases 

including corundum (Fig.9c and d). As the content of pellet dust in the slag increases mullites 

becomes depleted in Si and at the final compositional point all Si in mullite is distributed between 

mostly cordierite followed by feldspar (Fig.9c). At 1200 ºC, among all the elements in the initial 

coal ash, only Al (other than Fe) is incorporated in corundum as the content of pellet dust in the 

slag increases (Fig.9c). The fraction of Al in mullite goes down from approximately 75±1% to 

zero. According to the calculations, at the final compositional point (70±1 wt% pellet dust), 

41±2% of Al (in mullite) is in corundum and the rest is distributed, mostly in cordierite (37±2%), 

followed by feldspar (22±2%). Considering the distribution of Fe at 1200 ºC (Fig.9e), at the 

initial slag composition 35±2 % of Fe is stable in corundum followed by 60±2 % in mullite, 

2±0.5% in cordierite, and 1±0.3% in the liquid phase. However, as can be seen in Fig.9b, upon 

further addition of pellet dust all Fe is stabilized in the corundum structure. 

The foregoing observations suggest that pellet dust addition did not affect the melt formation at 

this relatively low temperature (1200 ºC). Therefore, it can be inferred that interaction between 

coal ash constituents and pellet dust is limited to solid-solid phase transformations which are 

known to be sluggish since solid state diffusion is a slow process and expectedly it takes much 

longer time, than the 30-min sampling time in this study, to attain equilibrium, at least in the solid 

state. The solid-solid interaction between pellet dust and coal ash constituents results in complete 

disappearance of mullite in exchange for an increase in the amount of cordierite and feldspar both 
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of which have a lower melting point compared to that of mullite. Therefore, melt formation is 

expected to increase at higher temperatures as a result of this transformation. This is the most 

important interaction between coal ash and pellet dust at 1200 ºC provided that equilibrium is 

attained. The composition of the melt at this temperature is given in Table.5. Even though in this 

table the melt composition is only given at the initial slag composition and at the final 

compositional point, thermochemical calculations showed that, at this temperature, pellet dust 

addition did not change the melt composition along the way either.  

Phase transformations observed in the temperature range of 1200-1275 ºC (not presented in this 

work) were considerably similar to the ones observed at 1200 ºC.  

Table.5. composition of the liquid phase at the slag temperatures  

 

Temperature  Si Al Fe Mg Ca K Na O 

1200 ºC 
Initial slag (pure coal ash) 0.44 0.28 3.65 38.27 5.82 0.02 1.26 50.27 

Final compositional point 0.43 0.27 3.65 38.37 5.68 0.02 1.31 50.27 

1300 ºC 
Initial slag (pure coal ash) 30.67 9.93 4.61 1.14 4.06 0.98 0.53 48.07 

Final compositional point 28.55 9.56 8.50 1.98 3.42 0.66 0.40 46.92 

1400 ºC 
Initial slag (pure coal ash) 32.64 9.82 4.32 0.72 2.56 0.62 0.33 48.99 

Final compositional point 25.08 9.61 16.48 1.31 2.20 0.43 0.26 44.62 

 

 

 

 

 

 

 

 



25 
 

 

 

 

 

Fig9. The proportions of the various solid phases present at 1200 ºC 
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Solid and liquid phases at 1300 ºC: 

According to the calculations at 1300 ºC, feldspar and cordierite totally disappear and become 

part of the melt, however, cordierite starts to precipitate when the pellet dust content in the slag 

reaches 37±0.5 wt% (equivalent to addition of 60±1 g of pellet dust per 100 g of the initial ash) 

(Fig.10a-d). Thereafter, cordierite starts increasing as more pellet dust is added. Mullite and 

tridymite both decrease accompanied by the sharp increase in corundum (Fig.10a). The 

proportion of liquid in the slag increases from 43±0.3 wt% at the initial slag composition to 

47±0.7 wt% at approximately 4±0.2 wt% pellet dust from which point liquid rapidly decreases 

due to the exponential growth of corundum. Once again, disregarding corundum from the 

coexisting might prove informative (Fig.10b). As can be seen in Fig.10b, tridymite decreases all 

the way from 18±0.5 wt% in the initial slag to 8±0.1 at the final compositional point and the 

fraction of liquid increases accordingly. Si distribution (Fig.10c) supports the last-mentioned 

suggestion as Si in tridymite decreases from 32±0.3 % to 13±0.1 %, the reason for this seemingly 

higher decrease in Si compared to that in SiO2 is simply due to the weight ratio of SiO2/Si= 2.14. 

In fact, 60±1 % of silicon in SiO2 goes to the liquid phase. According to the calculations, Si in 

mullite does not contribute to the increase in the amount of liquid phase as much as SiO2 does. Si 

in mullite decreases slightly from 18±0.3% (at 0% pellet dust) to 14±0.1% (at 37±0.3% pellet 

dust) and becomes stable in the melt from which point cordierite starts to form without causing 

any further increase in the Si content of the melt (Fig.10c). However, mullite also contributes to 

melt formation by introducing Al into the liquid phase (Fig.10d). According to the calculations, 

prior to the formation of cordierite (at 37±0.5 wt% pellet dust), 50±1% of Al in mullite goes to 

the liquid phase while 50±1% of it becomes stable in corundum. Note that up to the formation of 

cordierite (Fig.10d), the rate at which Al increases in the liquid phase is approximately the same 

as the rate at which Al increases in corundum. Upon formation of cordierite, still 50±1% of the 

remaining Al in mullite stabilizes in the corundum structure while the rest becomes primarily 

stable in cordierite followed by the liquid phase. According to Fig.10d, at the final compositional 

point, 40±0.5 % of Al in the system is in the liquid phase, 17±0.5% of it is in cordierite, and 42±1 

% of it is in the solid solution of corundum. Distribution of Fe shows that at the initial slag 

composition 53±0.5% of total Fe in the system is in the liquid phase and rest is in 

mullite(Fig.10e). As pellet dust is added this fraction goes up to 59±0.1% but once corundum is 

formed (at approximately 5±0.3% pellet dust) a fraction of total Fe in the system still goes to the 
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liquid phase yet at a much lower rate than that going to corundum. Therefore, at the final 

compositional point, 95±1% of the total Fe is in corundum and the rest is in the liquid phase.  

In terms of the liquid phase, the liquid fraction goes down from 43±0.3 wt% (at 0 wt% pellet 

dust) to 21.5±0.5 wt% at the final compositional point (Fig.10a). However, disregarding 

corundum from the coexisting solid phases shows that liquid fraction drastically increases form 

43±0.3 wt% at the initial slag composition to 75±0.1 wt% (Fig.10b) which proves that liquid 

formation is still ongoing yet at a lower rate compared to the rate at which corundum is being 

formed. The previously mentioned discussion about the incorporation of individual elements in 

the liquid phase also supports the hypothesis that melt formation is an ongoing process at 1300 ºC 

(unlike the situation observed at 1200 ºC) all the way from the initial slag composition to the final 

compositional point. Disregarding corundum is in fact equivalent to considering the amount of 

the melt formed as opposed to the fraction of the melt. This is because, as mentioned previously, 

melt fraction could have been affected by the dilution effect of excessive pellet dust solid 

particles. Fig.10f compares the liquid fraction in the slag with the total amount of liquid (mass of 

liquid in total amount of ash) and, as expected, the two graphs are identical. The fact that total 

amount of liquid increases with increasing pellet dust addition proves that there is an ongoing 

strong interaction between pellet dust and the coal ash constituents even at excessively high pellet 

dust addition. This leads to a considerable increase in the amount of liquid and also the fraction 

of liquid (when corundum is disregarded). Briefly, the most important interaction at this 

temperature (other than disappearance of mullite in the solid phase), is the aforementioned 

increase in the amount of melt. Regarding other elements in the system, at this temperature 100% 

of the total Na, K, and Ca in the system is stable in the liquid phase all the way from the initial 

slag composition to the final compositional point. Moreover, at the initial slag composition, 

100% of Mg is in the liquid phase but upon formation of cordierite (at 37±0.1 wt% pellet dust), 

this fraction starts to decrease such that at the final compositional point 54±2 wt% of Mg is in the 

liquid phase and the rest is in cordierite. Melt composition at this temperature suggests a 

considerable increase in the fraction of Fe in the melt from 4.6% (at the initial slag composition) 

to 8.5% (Table.5). Mg decreases in the melt due to the formation of cordierite, Si increases 

mostly due to the disappearance of feldspar (and contribution of tridymite, cordierite, and 

mullite).  
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 Fig10. The proportions of the various solid phases present at 1300 ºC 
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Solid and liquid phases at 1400 ºC: 

According to the calculations at 1400 ºC, cordierite totally disappears and becomes part of the 

melt. Corundum is no longer stable and as pellet dust addition proceeds mullite disappears at a 

considerably high rate (Fig.11a). At the initial slag composition mullite is the only remainder of 

the coal ash constituents together with 1±0.2wt% tridymite (which cannot be seen in Fig.11a and 

vanishes immediately as pellet dust is added). Mullite reacts with pellet dust and the liquid phase 

and its content decreases from 29±0.5 wt% at the initial slag composition to 5±0.5 wt% until 

spinel starts to form (at 26±0.5wt% pellet dust) from which point mullite incorporation in the 

liquid phase takes place at a relatively slower rate (Fig.11a-e). As can be seen in Fig.11c, at the 

initial slag composition, 14±0.3% of the total Si in the system belongs to mullite and the rest is in 

the liquid phase, upon further addition of pellet dust mullite becomes depleted in Si rapidly and 

100% of its Si becomes part of the melt. Moreover, 60±0.5 % of total Al in the system (at 0 wt% 

pellet dust) is in mullite but this fraction goes down to 14±0.1 % at a considerably high rate. 

Transformation of Al (in mullite) to the liquid phase becomes slower when spinel starts to form 

due to the fact that mullite is competing with spinel, and liquid takes up Al from spinel at a faster 

rate. Fe in mullite has the same fate and rapidly becomes part of the liquid phase (Fig.11e). The 

liquid phase expands from 69±0.1 wt% (at the initial slag composition) to 94±0.5 wt% and then 

starts to decrease upon formation of spinel. Eventually at the compositional point, the fraction of 

liquid in the slag is 34±0.5 wt%. Treating the system this way does not achieve any valuable 

information regarding ash deposition. The calculations are carried out such that pellet dust is 

added to a given amount of coal ash (e.g. 100 g) with a certain composition. On the contrary 

combustion of coal and further formation of ash forming elements is a continuous process. 

Therefore, disregarding spinel (Fig.11b) proves that as long as ash constituents exist, melt 

fraction keeps increasing as a function of pellet dust addition, and whenever pellet dust content 

(in the blend of coal ash and pellet dust) exceeds 40 wt%, liquid fraction will reach 100 wt%. The 

formation of spinel is simply due to the lack of coal ash constituents and further addition of pellet 

dust is nothing but unleashing 100% pure pellet dust which has a high melting point of 1500±5 

ºC (Fig.7a). Therefore, higher deposition rates for Case 3 (coal ash +pellet dust) compared to 

Case 1 (pure coal combustion) is expected. Melt composition at this temperature suggests a 

considerable increase in the fraction of Fe in the melt (Table.5) from 4.3% (at the initial slag 

composition) to 16.5% (at the final compositional point). However, according to the calculations 
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Fe content can reach up to 21±0.5% prior to the precipitation of spinel (at 26±0.5wt% pellet dust) 

and subsequently starts to decrease. In fact, spinel starts to form when the liquid phase becomes 

saturated in Fe (21±0.5%) at this temperature. The amount of melt and the liquid fraction 

(disregarding spinel) are plotted in Fig.11f. As shown in the figure, the amount of melt increases 

drastically from 69±0.3 (g/g) to 126±0.5 (g/g) upon formation of spinel. Eventually the amount of 

melt goes down to 117±1 (g/g) since spinel starts to react with the liquid phase and higher 

amounts of spinel precipitate out of the melt.   
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Fig11. The proportions of the various solid phases present at 1400 ºC  
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Slagging tendency:  

Fig.12 compares the slagging tendency in all three cases, most importantly, the slagging tendency 

of the coal ash particles (Case1) with that of Case3 (coal ash+ pellet dust particles). Fig.12.a 

shows the average ash deposition rate in (g/h) versus the sampling positions (descending slag 

temperatures of 1400°C, 1300°C, and 1200°C) from repeated experiments. This approach has 

been commonly used to determine the deposition rate in bench-scale, pilot-scale, and industrial 

facilities51, 65. For Case2 (natural gas + pellet dust), the deposition rate (g/h) is slightly affected by 

temperature and changes very little from position1 all the way to position3, whereas, for the other 

two cases the deposition rate is to a large extent affected by temperature and decreases with 

decreasing temperature from position1 to position3. The reason for this is because no liquid phase 

was calculated for Case2 at any of the sampling positions due to the high melting temperature 

calculated for pellet dust (Fig.7). Therefore, for Case2, deposition seems to be controlled mainly 

by inertial impaction or particles stochastically hitting the deposition probe (ceramic tube) 

without the presence or help of a sticky liquid phase.  

The second axis in Fig.12.a, shows the proportion of the liquid phase obtained from 

thermochemical equilibrium calculations (TECs) for coal combustion without the addition of 

pellet dust. This was done to examine the effect of coal ash in deposit formation in comparison 

with Case2 where there is no coal ash particles.  

There seems to be a clear correlation between the liquid fraction (calculated for Case 1, pure coal 

combustion) and the deposition rate for Case1 and Case3 both of which contain coal ash 

particles. Here, as opposed to the situation in Case2, the deposition seems to be also controlled by 

inertial impaction yet enhanced with the help of this supposedly sticky liquid phase from coal ash 

particles. This liquid phase hypothetically acts as glue providing cohesive forces between the 

pellet dust particles and the coal ash particles. This is also the reason that all of the deposition rate 

values calculated for Case2 are below the other two cases, with the exception of sampling 

position3 at which the deposition rate is negligibly lower for Case1 compared to Case2. The 

reason is, in calculating the deposition rate values only mass of the collected deposits per time 

was taken into account and the ash content in Case2 and Case3 is substantially higher (owing to 

the presence of pellet dust, with the addition rate of 20 g/h) than that in Case1 where only coal 

ash particles are present. This is also one of the reasons that all of the deposition rates calculated 

for Case3 are substantially higher than the other two cases (Fig.12.a). Comparing Case1 with 
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Case3, with the addition of pellet dust, the inorganic content is increasing drastically from that of 

the coal (12.7wt%) to approximately 40wt% for Case3 (Coal + pellet dust) since 20 (kg/h) of 

pellet dust were added. Therefore, one way or another, during the pelletizing process, the 

inevitable presence of pellet dust will increase the ash content, thereby increasing the deposition 

rate (g/h).  

However, to investigate ‘’only’’ the effect of ash composition and ash chemistry on deposit 

formation (notwithstanding the ash content), the measured deposition rates should be normalized 

with the ash content. Since pellet dust was not premixed with the coal, the direct normalizing 

with the ash content did not seem reasonable and an alternative approach was proposed in Part I 

of this study to account for the difference in ash content. The normalized deposition rate 

(hereafter referred to as deposition fraction, which is the fraction of ash that deposited on the 

ceramic tube in wt%) was defined as:  

 

  

Dash denotes the deposition mass of ash for a certain exposure time t.Fash-probe and Fash-furnace are 

the mass flow rates of ash in the cross-sectional areas of the probe (Ap) and the furnace (Af), 

respectively. 

As can be seen in Fig.12.b, as a result of the abovementioned correction which only takes ash 

composition into account, for Case2 all values are significantly below the values calculated for 

the other two cases implying the significant effect of coal ash and its liquid phase in deposition. 

Now the second axis shows the liquid fraction calculated in both cases of interest (Case1 and 

Case3) at the initial slag composition (coal combustion) and the final compositional point (70±1 

wt% pellet dust). According to Fig.12.b, deposition fraction for Case1 is lower than that for 

Case3 at position3, as expected, since the liquid fraction calculated for Case 1 is lower than that 

for Case3. However, even though the liquid fractions calculated for Case2 at 70±1 wt.% pellet 

dust (at positions 1&2) are lower than those calculated for Case 1, the deposition fractions do not 

correlate with the liquid fractions. However, as explained earlier for the situation at 1400 ºC 

liquid fractions calculated at the final compositional point for Case3 may not be a reasonable 
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comparison tool since they ignore the fact that coal combustion is a continuous process. At 1400 

ºC coal ash constituents were simply depleted by the Fe-rich aluminosilicate melt and since there 

was no coal ash to react, hematite particles precipitated out the melt as spinel. Moreover, at 1300 

ºC it was observed that liquid was continuously formed as pellet dust was added. Therefore, 

disregarding the excessive pellet dust (when corundum and/or spinel formation is due to 

overfeeding the system with pellet dust) seems to be a reasonable comparison tool. As previously 

explained, disregarding Fe-rich solid phases such as corundum and spinel, is equivalent to the 

amount of liquid formed. Therefore, according to Fig.12c, the expected positive correlation 

between the amount of melt and deposition fractions can be seen at all three positions. In Fig.12d 

the second axis is the fraction of Fe in the liquid phase at the initial slag composition and the final 

compositional point (Table.5). There is a positive correlation between the Fe content of the melt 

and the calculated deposition fractions implying that viscosity plays a significant role in deposit 

formation as viscosity is expected to decrease with increasing Fe content of the melt, which has 

yet to be verified.  
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Fig. 12. Slagging tendency (a) measured deposition rates for all three cases and predicted liquid 

fractions given the average bulk composition of the actual sampled deposits (b) deposition 

fractions (normalized deposition rates with respect to the ash content in each case) and 

correlation with the predicted liquid fractions (c) correlation between deposition fractions and the 

predicted amount of melt given the average bulk composition of the actual sampled deposits in 

each case (d) correlation between deposition fractions and the predicted Fe fraction in the melt 

given the average bulk composition of the actual sampled deposits. 
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Viscosity estimation:  

Melt composition to be fed to the viscosity models was taken from the data obtained from several 

SEM-EDS and automated minerology analyses coupled with thermochemical equilibrium 

calculations. The data taken from automated minerology are not shown here and can be found in 

Part I (Table 7 & 8) of this study.   Fig.13 shows the average melt composition obtained from 

numerous point analyses carried out employing SEM-EDS. The values are in close agreement 

with the results obtained from automated minerology and also thermochemical equilibrium 

calculations of this study (Table.5). A sequential calculation approach was used such that the 

average melt composition taken from SEM-EDS and/or automated minerology was fed to 

thermochemical equilibrium calculations at a relatively wide temperature range (above the 

solidus, 1200-1600 ºC). Thereafter, the resulting liquid composition was used as input to the 

viscosity models.   

The absolute logarithmic error (AALE) calculated for each of the 24 previously mentioned 

viscosity models are given in Appendix A.  The models S2, Watt-Fereday, and BBHLW had the 

lowest AALE values and were the best match considering the specific operating conditions of 

this study, the composition of the collected slags (the molten fraction of the slag as obtained from 

SEM_EDS and verified by equilibrium calculations), and the actual viscosity measurements in 

the literature. As can be seen in Fig.14, all models give a lower viscosity value for Case 3 

compared to Case1 due to the increased fraction of Fe in the melt as a result of pellet dust 

addition. The deposition fractions calculated for Case 3 were smaller than those for Case 1 at 

positions 1&2 (Fig.12) which has a negative correlation with the observed decrease in viscosity 

when pellet dust is added. At position 3, however, even though viscosity decreases with the 

addition of pellet dust, the deposition fraction calculated for Case1 (with a higher viscosity value) 

was smaller than that for Case3 (with a lower viscosity value). This discrepancy is associated 

with the relatively small liquid fraction at position 1 such that viscosity does not seem to have a 

significant effect on deposition at position 1. Therefore, the fraction of the liquid phase, the 

amount of the liquid (depending on the situation), and viscosity are all significant factors when 

addressing deposition in rotary-kilns of iron ore pelletizing plants.  
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Fig.13. Comparison of the elemental composition of the liquid phase (Case1 vs Case3) (a)Case1, 

position 1(b)Case3, position 1 (c) Case1, position2 (d) Case3, position 2. (Secondary-electron 

SEM images). 

 

Sintering tests were carried out to examine the effect of pellet dust on the strength of the deposits 

formed in iron ore pelletizing plants. Fig.15.a and Fig15.b show the decrease in area fraction 

(shrinkage) and also the characteristic ash fusion temperatures for the slags collected during pure 

coal combustion and coal combustion with pellet dust addition, respectively. The measurements 

were repeated several times to ensure reproducibility. The results shown here were obtained 

under the oxidizing condition in 100% CO2. The onset of sintering for Case1 happens at a 

considerably higher temperature (1255 ºC) compared to the onset of sintering for Case3 (1178 

ºC). A considerably high deformation temperature was observed (1491 ºC) for pure coal ash slags 

and the characteristic flow temperature was never reached, even at the maximum temperature 

(a) (b) 

(c) (d) 
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allowable by the apparatus (1550 ºC). Eventually, the sample did not undergo a high degree of 

sintering and on average 35±3% reduction in area fraction was observed in all slags collected 

during coal combustion.  

On the contrary, the slags collected in Case3 experienced a high degree of sintering and the 

characteristic flow temperature was reached at 1495 ºC. on average the slag samples with pellet 

dust particles, shrunk to 30±5% of their initial size. 70% reduction in area fraction is indicative of 

a considerably high degree of sintering which leads to the formation of strong deposits. The 

reason for this considerable difference in the degree of sintering between the two types of slag is 

attributed to the higher fraction of liquid and the lower viscosity of the resulting melt in the 

samples containing pellet dust. Therefore, inclusion of pellet dust particles in the coal ash-based 

slag results in the formation of strong deposits and complicates the ash removal procedures. The 

measurements performed under the reducing condition (60 vol% CO, 40 vol% CO2) suggested an 

extensive degree of sintering in the samples containing pellet dust most likely due to the sharp 

decrease in viscosity as most of Fe was present in the ferrous Fe2+ state. In contrast, coal ash 

slags were almost unaffected by the reducing condition imposed.  

 

 

 Fig. 14. Comparison of the viscosity estimations of the predicted melt in Case 1 and Case 3 
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Fig. 15. Shrinkage of the sampled deposits and characteristic ash fusion temperatures (a) sampled 

deposits collected in Case 1 (b) sampled deposits collected in Case 3 

 

Effect of unburnt carbon in the char on the predicted liquid fraction:  

Unburnt carbon in the char most definitely plays a key role in deposition. It can be seen in Fig. 16 

that a comparatively low CO concentration (as low as10000 ppm-the higher the worse-) could 

reduce Fe3+ to Fe2+ (following the first reaction line in the figure) and increase the share of melt 

thereby reducing the viscosity of the melt and worsening deposition drastically. This is another 

possible mechanism for deposit formation in iron-ore pelletizing plants. Higher concentrations of 

CO (lower PCO2/PCO ratios) are highly unlikely under the prevailing oxidizing condition in rotary 

kilns of iron-ore pelletizing plants, so the second zero-phase fraction lines (see Fig. 16) are in fact 

relevant to the conditions inside blast furnaces. 

As a result, a reducing atmosphere (CO rich) is induced surrounding the burning particles which 

contributes to reduction of Fe3+ to Fe2+ as explained earlier.  
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Fig. 16. Predicted zero phase fraction lines for the reduction of Fe3+ to Fe2+ as a function of 

PCO2/PCO . and/or PO2 .  

 

The effect of this reducing atmosphere on the fraction of liquid phase is shown in Fig. 17. The X 

axis is the amount of pellet dust added to pure coal ash, so zero means no hematite dust which is 

the reference case: Case 1 = pure coal ash. 

The colour shading in figures refers to the fraction of melt (liquid slag), the figure to the left 

represents the situation ‘’without any unburnt carbon in the deposits, the one to the right 

represents the situation ‘’with infinitesimal amounts of unburnt carbon in the deposits’’, as can be 

seen the melt fraction increases substantially at all temperatures and levels of hematite dust 

addition, hence, intensified deposition/slagging is expected. 
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Fig. 17. Effect of unburnt carbon in the char on the liquid fraction. Left: without the presence of 

carbon. Right: with the presence of infinitesimal amount of carbon in the deposits. 

  

Proposed mechanism for deposit formation:  

A sequential slag formation scheme (valid for high-rank coals and based on the pilot-scale 

experimental observations and TECs) is shown in Fig. 18. The fine mode and first-fragmentation 

mode (fume particles, <0.5 µm in diameter formed through volatilization and subsequent re-

condensation) are less likely to have a significant effect on the overwhelming slagging issues 

encountered in the grate-kiln process. However, according to the findings in Paper I, the second-

fragmentation mode seems to play a key role in deposit build-up considering the substantial 

similarities observed between these particles and the short-term deposits.  

 

Overall picture 

The bulk of the mineral matter disintegrates into relatively large ash particles ranging from 0.5 to 

20 µm in diameter through the fusion of mineral matter on the surface of the burning char 

particles (Particle formation- coarse fraction). Thereafter, the already generated fly ash particles 

agglomerate followed by transportation of these agglomerated particles onto the surfaces mostly 

through inertial impaction (deposit formation and growth). 

 

Detailed description 

According to the findings deposition of hematite dust particles is independent of the global 

temperature in the kiln and a liquid phase was neither observed nor calculated for these particles 

when entrained in an ash-free gas stream (e.g. natural gas combustion). However, when coal ash 
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particles are present extensive interaction between these particles and hematite dust particles is 

expected. The resulting intensified deposition as a result of the aforementioned interaction can be 

described with the following possible scenarios: 

 

- Prior to impaction:   The molten fraction of the coal ash (coal ash sticky globules) wet the 

surface of the hematite dust particles (see Fig. 8) and provide the required adhesion force for the 

hematite dust particles to stick to other existing particles (agglomeration) and/or furnace surfaces. 

Smaller particles are less likely to impact and might either follow the streamlines and be captured 

by the downstream electrostatic precipitators or might be trapped in the pellet bed (PH-zone, See 

Fig. 1) and recirculated back to the process (the source of alkali recirculation). Larger particles 

might also bounce off the surfaces and follow the gas flow, the likelihood of which is minimized 

as agglomeration escalates.  

 

- After the impaction (deposit build-up and growth): when the agglomerated sticky particles 

imping on the surfaces and stick, excess ‘’Fe’’ unleashed by the hematite dust particles dissolves 

into the aluminosilicate melt (originating from the coal ash globules). In essence, equilibrium is 

more likely to be attained after the impaction where hematite dust particles (according to the 

calculations) react with the coal-ash aluminosilicate melt and dissolves until the solubility limit of 

Fe oxides in the melt is reached.   Herein, the incorporated Fe reduces the viscosity and 

consequently the share of melt increases. The aforementioned phenomenon has a twofold effect; 

(1) deposition is intensified due to an increase in the amount of Fe-rich aluminosilicate melt, (2) 

stronger and more tenacious deposits will form due to the decrease in viscosity as a result of Fe 

incorporation into the aluminosilicate melt. The resulting low-viscosity melt has better 

flowability and might fill the pores and voids in the deposits, hence denser deposits will form.  

 

As previously mentioned and shown in Fig. 18, unburnt carbon in the char could also induce a 

CO-rich reducing atmosphere surrounding the burning particles hence the reduction of Fe3+ to 

Fe2+, stickier particles will be resultant.  
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Fig. 18. Proposed slag formation scheme in iron-ore pelletizing plants based on the pilot-scale 

experimental observations and TECs. 

  

Conclusions  

In this work, a sequential ash transformation scheme is proposed on the basis of the most 

abundant inorganic elements in the sampled deposits (slags) to study the effect of change in slag 

composition (associated with pellet dust addition) on phase equilibrium conditions under the 

global conditions in a 4 MW pilot-scale experimental combustion furnace (ECF). Addition of 

pellet dust reduces the liquidus temperatures and depending on the fraction of pellet dust in the 

total ash, liquidus temperature can go down as low as 1412 ºC. Under the reducing conditions 

inside the flame coal ash constituents and pellet dust at any proportions are soluble in the 

resulting Ca-Fe-rich aluminosilicate melt. According to the calculations and based on the findings 

in part I, it can be inferred that interaction between coal ash constituents and pellet dust at 

relatively low temperatures (1200-1275ºC) is limited to solid-solid phase transformations 

provided that equilibrium is attained. In this temperature range, the solid-solid interaction 

between pellet dust and coal ash constituents results in complete disappearance of mullite in 

exchange for an increase in the amount of cordierite and feldspar both of which have a lower 

melting point compared to that of mullite. Therefore, melt formation is expected to increase at 

higher temperatures, yet in the abovementioned temperature range, the interaction between coal 

ash constituents and pellet dust had no significant effect on melt formation and deposition. At 

higher temperatures (1300-1450 ºC) the amount of melt increases drastically with increasing 
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pellet dust content. The experimentally obtained deposition fractions exhibit a positive 

correlation with this increase in the amount of melt within this temperature range.  

Above 1375 ºC, coal ash constituents completely react with pellet dust and the Fe-rich 

aluminosilicate melt and eventually totally disappear. Fe content of the liquid phase increases 

accompanied by a considerable decrease in the viscosity of the resulting melt. In this temperature 

range deposition is governed by the amount of melt and viscosity. Therefore, stronger deposits 

with a high degree of sintering form due to the decrease in viscosity thereby complicating the ash 

removal procedures.  

A sequential ash transformation scheme/mechanism (valid for high-rank coals and based on the 

pilot-scale experimental observations and TECs) was proposed on the basis of the most abundant 

inorganic elements in the sampled deposits (slags) to study the effect of change in slag 

composition (associated with pellet dust addition) on phase equilibrium conditions under the 

global conditions prevailing in coal-fired iron-ore pelletizing plants. The twofold effect of the 

interaction between hematite particles and coal ash particles upon slagging was summarized as 

follows: (1) increased melt formation thereby intensified deposition/slagging (2) reduced 

viscosity due to the incorporation of excessive Fe (from hematite dust particles) into the 

aluminosilicate melt (from coal ash). The TECs also predicted that the unburnt carbon in the char 

could have a significant effect on deposit formation by increasing the melt fraction through 

reduction of Fe3+ to Fe2+. 
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Appendix A 

 

AAE AARL AALE 

S2 15.90494 0.546756 0.201487 

Watt-Fereday 16.97507 0.781279 0.255272 

Bomkamp 1373.02 55.28744 1.631882 

Shaw 235.1135 13.99212 1.062689 

Lakatos 1409.023 92.56999 1.796539 

Urbain 264.4699 17.92577 1.187409 

Riboud 341.7067 26.28606 1.241636 

Streeter 233.6227 15.29288 1.135018 

Kalmanovitch-Frank 135.6284 9.510011 0.932284 

BBHLW 15.91336 0.478998 0.188455 

Duchesne 12.01588 0.399809 0.257014 

ANNliq 18.62588 0.733557 0.632175 

S2 +RE 18.8252 0.888436 0.233207 

Watt-Fereday +RE 25.06311 1.33701 0.321061 

Bomkamp +RE 1935.332 74.69706 1.786598 

Shaw +RE 231.3954 10.73271 0.958255 

Lakatos +RE 2662.37 156.7984 1.995318 

Urbain +RE 252.4464 15.04795 1.097095 

Riboud +RE 234.7335 13.70231 1.025613 

Streeter +RE 203.1333 11.88895 1.029118 

Kalmanovitch-Frank +RE 131.4228 8.079842 0.850385 

BBHLW +RE 16.61035 0.707622 0.201235 

Duchesne +RE 17.34575 0.727737 0.177612 

ANNliq +RE 14.97012 0.623059 0.461295 
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Abstract 

Woody biomass is being considered as a potential alternate fuel to reduce coal consumption in 

rotary kilns via co-firing. An important consideration is the slagging inside the rotary kiln caused 

by ash deposition that can lead to disturbances or shutdowns. In terms of ash chemistry, co-firing 

woody biomass fuel implies the addition of mainly Ca and K to the Si- and Al-dominated coal 

ash and Fe from the iron ore that are both inherent to the process. The slagging propensity of 

blending woody biomass with coal in the rotary kiln process was studied based on the amount of 

melt formation predicted with global thermochemical equilibrium modelling. This was carried 

out for variations in temperature, gaseous KOH atmosphere and levels of Ca and Fe. The results 

indicate that woody biomass likely increases the amount of molten slag that can form slagging 

depositions. A 10 wt.% blending with bark is predicted to increase the molten share by 

approximately 10 %, while a 30 wt.% blending would lead to significantly greater melt 

formations, which, in conjunction with other slag properties, may imply a much greater slagging 

risk. Increasing Ca levels generally increased the amount of melt, while the effect of increasing 

KOH concentration and Fe levels were co-dependent.  
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1. Introduction 

The production of iron ore pellets for steel production takes place in large rotary grate kilns. Iron 

ore pellets primarily consist of iron oxides with small amounts of various additives and a specific 

binder all of which are intended to improve the mechanical and metallurgical properties of the 

pellets. Finely ground moist magnetite concentrate (delivered from the on-site concentration 

plant) is shaped into small spherical pellets (green balls) of 10-14 mm in diameter in rolling 

drums. The two most widely-used processes in pelletizing include the travelling-grate process 

[commonly used for hematite (Fe2O3) concentrates], and the grate-kiln process which is 

commonly used for magnetite (Fe3O4) concentrates. During the grate-kiln process, the green balls 

are transported on a moving grate in a 22-25 cm layer (the bed) while subjected to 

drying/oxidation by means of preheating gas streams of increasing temperatures (up to 

approximately 1200 °C). Upon leaving the grate, the pellets enter a rotating kiln to reach the 

firing temperatures of over 1250 °C necessary for the sintering process. The pellets are then 

transferred into an annular cooler where cold air is blown through the sintered finished products. 

The total residence time of the pellets during the entire process (on the grate, in the kiln, and in 

the cooler) is approximately 60 minutes1-3. Estimated temperatures in the kiln are ∼1200 °C at 

the inlet, while in the burner zone, the temperature reaches ∼1350 °C and the flame temperature 

reaches up to 1700-1800 °C. To reach a sufficiently high process temperature in the kiln which is 

crucial for the sintering process, pulverized coal is combusted as the predominant fuel, however, 

fuel oil is also used when starting up the kiln and/or when problems with the coal supply arise4, 5. 

Preheated air (∼1200 °C) from the first zone of the cooler is used as combustion air with an 

air/fuel ratio corresponding to an oxygen partial pressure of 0.16 atm in the flue gas. During the 

process, the microstructure and the phase composition of the pellets change drastically. The most 

important chemical reaction is the exothermic oxidation of magnetite (Fe3O4) to hematite (Fe2O3) 

which is the predominant phase in the finished products 

As mentioned earlier, iron ore pelletizing plants combust vast quantities of high rank coals to 

supply the necessary heat to the pelletization process. Furthermore, the ash material from coal 

fuels, in combination with iron ore dust, are known to cause deposition and slagging in rotary 

grate kilns, which can inflict severe production losses and/or damage6-10. Prearranged 

maintenance at the grate-kiln production plants is carries out annually to repair the moving grate 
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and to mechanically remove the sintered deposits from the inner walls, a process that takes 

approximately 1 to 2 weeks of total shutdown. In addition to the abovementioned planned 

maintenance, unscheduled stoppages are encountered when the deposited layer disturbs the flow 

of gas and pellets and/or when a chunk of deposited matter falls from the inner walls. This causes 

production disturbances and severely affects the production capacity of the pelletizing plant. 

Furthermore, the formation of deposits in rotary kilns of iron-ore pelletizing plants, not only 

cause mechanical strains but also degrade the refractory lining over time due to high temperature 

corrosion6. One of the important aspects during fuel conversion is the transformation of ash-

forming matter through which the formation of molten ash material can result in deposition of 

slag (deposits) upon the furnace wall. The transformation of ash-forming elements in pulverized-

coal combustion has been comprehensively studied11-15, in contrast, ash deposition phenomena in 

iron-ore pelletizing rotary kilns have yet to be understood and there is very limited information 

regarding this in the literature7, 8, 16, 17. The potential for coal firing in the grate-kiln system was 

previously investigated18. A certain type of coal that caused slagging in a grate-kiln setup was 

discussed in a previous study19, the grading properties of the coal and burner operation were also 

explored in the same study.  Deposit formation in a rotary-kiln (for oxidized pellets) burning 

natural gas was previously studied17. A study conducted by LKAB suggested that coal ash could 

hypothetically act as a binding bridge in between the iron-ore pellet particles20. 

Because of climate change and other pollution concerns, there is a desire to reduce on the 

combustion of carbon-intensive fuels e.g. coal. Therefore, it is of interest to study the potentials 

of co-firing coal with alternate fuels. One such potential alternative within the Nordic region is 

the usage of renewable woody biomass. While the combustion of such woody biomass can be 

carbon-neutral, their effects upon deposition and slagging during co-firing with coal in a grate-

kiln are unknown. When woody biomass ash is introduced, it is likely that they will interact 

chemically to influence the melting properties of the aforementioned ash materials in the process. 

Typically, coal ash is rich in Si and Al while woody biomass is rich in Ca and K. While both 

ashes can possess very high ash melting temperatures individually, their mixtures can produce 

significant amounts of molten material at lower temperatures that directly influences their 

slagging propensity. In our recent study (Paper II), a sequential ash transformation 

scheme/mechanism was proposed on the basis of the most abundant inorganic elements in the 

sampled deposits (slags) to study the effect of change in slag composition (associated with pellet 
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dust addition) on phase equilibrium conditions under the global conditions prevailing in coal-

fired iron-ore pelletizing plants. The twofold effect of the interaction between hematite particles 

and coal ash particles upon slagging was summarized as follows: (1) increased melt formation 

thereby intensified deposition/slagging (2) reduced viscosity due to the incorporation of excessive 

Fe (from hematite dust particles) into the aluminosilicate melt (from coal ash). The 

thermochemical equilibrium calculations also predicted that the unburnt carbon in the char could 

have a significant effect on deposit formation by increasing the melt fraction through reduction of 

Fe3+ to Fe2+. In addition to the combustion fly ash derived from the coal, existing rotary grate 

kilns also have recirculation air supplies in which iron ore fragments and alkali vapors can 

accumulate during the process6-10, 21. Hence, the severity of slagging is dependent upon ash 

deposit compositions that result from ash interactions, as well as factors such as temperature and 

viscosity. 

The current work studied the potential effect that co-firing of woody biomass may have on the 

slagging propensity inside a rotary grate kiln. A global thermodynamic equilibrium modelling 

approach was used to predict the melt formation based on variations in temperature, gaseous 

KOH atmosphere and varying levels of Ca and Fe. 

2. Materials and methods 

The coal in this study is a typical coal used in rotary grate kilns It is a high rank coal dominated 

by Si and Al with significant amounts of Ca and Fe (Table 1). 

  

Table 1. Used coal and woody biomass ash compositions in the calculations. 

 

 SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O 
Ash 

content 

  [wt% ash]  [wt %] 

Coal  56.2 32.2 2.4 0.8 5.2 0.5 0.3 5 

Softwood bark  2 1 64 8 0.3 14 0.2 3 

 

Ca and K are the dominant ash forming elements in typical woody biomass fuels, such as 

softwood bark and wood. The transformation of such ash matter has been extensively studied by 

Boström et al.22. During suspension firing, as is in rotary grate kilns, Ca is likely to be dispersed 

from woody biomass as small micron-sized CaO particles, while K is likely gaseously released, 
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mainly mono-atomically or as KOH, the latter of which is the most stable K-containing gaseous 

compound released under combustion environments23. Depending on the kinematic behaviour of 

these species and those inherent to the existing rotary grate kiln process, depositions and 

subsequent slag may form inside the rotary grate kiln. In other words, the siliceous coal ash can 

come into contact with some of the recirculated pellet dust particles as well as the CaO from the 

woody biomass. At the same time, a gaseous alkali atmosphere dominated by K species is likely 

to surround the condensed ash particles. These interactions are depicted in Figure 1. 

 

Fig.1. Proposed mechanism of ash species interactions and slag formation 

Hence, there are three main material variables in relation to the coal ash that can affect the 

amount of slag that is formed. They have been studied in the ranges specified: 

1. Amount of CaO, from woody biomass ash, varied at 3 levels corresponding roughly to 0 

(reference case), 10, and 30 wt.% bark blending, i.e., Si/Ca ≈ 24, 10, and 2, respectively.  

2. Addition of pure Fe2O3 dust (from recirculation), varied from 0 to 1 g/g fuel (coal + bark) 

ash 

3. Combustion (oxidising) gas atmosphere at 1 bar pressure with KOH(g) (from recirculation 

and woody biomass), from < 1 ppm to 10000 ppm. 

 

Temperature is also critically important to slag formation at different section in the rotary grate 

kiln. Based on slags collected from our previous experimental studies6-9, the temperatures studied 

were 1150, 1250, 1350 and 1550 °C. The coal ash composition in Table 1 was used. 
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The formation of slag and tenacious deposits can be attributed largely to the formation of molten 

ash material. Thermodynamic equilibrium calculations can elucidate the conditions under which 

molten or partially molten multi-component slags are thermodynamic stable. i.e., when a driving 

force exists for their formation. Hence, they can provide an indication as to the conditions and 

composition under which slagging propensity may be lessened or worsened. 

A thermodynamic database containing molten oxide and solid oxide solutions developed at 

Forschungszentrum Jülich was used for the study24. Data from pure stoichiometric phases, 

including gases, were taken from FactSage 7.125, 26. Chemsheet27 was used to evaluate the 

formation of molten slag under the conditions outlined above, based on minimisation of Gibbs 

energy. The analysis is limited to the rotary grate kiln, i.e., consequences of downstream sections 

will not be considered. 

 

3. Results and discussion 

A silicate-based melt was predicted to be stable across the conditions and variations that were 

studied. The colour shading in Figure 2 refers to the thermodynamic estimations of the liquid 

phase (melt fraction) under the global equilibrium conditions described above. Melt fraction 

increases at higher temperatures which is in qualitative agreement with the experimental findings 

in Paper I and also the thermochemical calculations in Paper II. Based on the composition of 

particles collected from the experiments, KOH(g) was estimated to be between 1 – 1000 ppm. 

The collected depositions at the highest temperature (1400 °C) were the most molten and 

deposited at the highest rate, while these were decreased at the lower temperatures (1300 and 

1200 °C). This trend is in qualitative agreement with the thermodynamic estimations shown in 

Figure 2. 
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Fig. 2. Predicted mass fraction of condensed phase that is molten for the reference case (coal-

only) at 1150 (upper left), 1250 (upper right), 1350 (lower left), 1550 °C (lower right). 

 

The calculations also predict that with increasing KOH(g) partial pressure, the fraction of melt 

becomes lower. This is attributed to the formation of K-containing crystalline phases such as 

nepheline and K(Fe,Al)O2. This is demonstrated for the case of 10 wt.% bark addition (Si/Ca 

molar ratio = 10) at 1250 °C in Figure 3. 

 

From a practical perspective, this implies that control of recirculation air to regulate the 

concentration of KOH(g) can be used to decrease the molten fraction of depositions. This is, 
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however, counteracted to an extent by the accompanying increased haematite dust that is 

predicted to increase the molten fraction at the higher temperatures. 

 

Some typical crystalline phases predicted across the range of conditions are labelled in Figure 3 

for the +10 wt.% bark case at 1250 °C. Leucite can be formed from low KOH(g) concentrations, 

while other K-containing phases, e.g., Nepheline and K,Al, Fe-silicates, dominate at higher 

concentrations.  

 

 

Fig. 3. Predicted crystalline phases in the coal + 10 wt.% bark case at 1250 °C. Colour shading 

refers to the predicted liquid fraction. C = corundum, L = leucite, N = nepheline, K = KAF4S3,  

F = (K,Na)(Fe,Al)O2. 

 

When the addition of CaO is considered in the 10 wt.% bark blend, there is a predicted average 

increase in melt fraction of 10 wt.% over the reference case across the range of conditions (Figure 

4). Even though this is not a significant amount, it might increase the deposition rate according to 
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the near-linear relationship between the amount of liquid slag and deposition rates observed in 

Paper I and II. Moreover, CaO and K2O generally have a fluxing effect upon high SiO2 slags. 

This implies that the slags could be more tenacious, as well as abundant, neither which is 

desirable for the process. Despite this, the overall molten formation pattern is similar to that of 

the reference case. This makes 10 wt.% addition of bark an appropriate starting point to evaluate 

the suitability of co-firing woody biomass in a rotary grate kiln. The increase in deposition rate 

compared to the reference case can be used to highlight the effect of other slag properties—e.g., 

viscosity—besides that of molten fraction. 

The general trend of increasing melt at all the temperatures is also predicted for the case with  

30 wt.% addition of bark. However, the overall behaviour across the conditions is also different 

compared to the reference case, though the large increase in molten fraction across the range of 

conditions indicates that it is likely that slagging would be significantly worse (Figure 4). 

. 

 

 
 

Fig. 4. Predicted fraction of the molten phase when blending coal with biomass. 

Left-to-right: temperature: 1150, 1250, 1350, 1550 °C, Top-to-bottom: coal-only, +10 wt.% bark, 

+30 wt.% bark. 
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The thermodynamic results have shown that Ca is an important element in affecting molten 

formation. This is expected as a result of the fluxant behaviour of CaO when incorporated into 

the Si-rich silicate coal ash melts. This implies that experimental work is necessary to establish 

how the ash material from each respective fuel and recirculated air interact. It is important to find 

out the actual fraction of Ca from the woody biomass that contacts/reacts with the inherent coal 

ash and haematite dust, because this will determine the ultimate extent to which woody biomass 

can be co-fired. 

 

4. CONCLUSIONS 

A global thermodynamic equilibrium study was carried out to assess the potential impact of co-

firing coal and bark upon the slagging propensity inside a rotary grate kiln with the inclusion of 

hematite dust due to gas recirculation. Results were in qualitative agreement with experimental 

data from a reference (coal-only) study. The calculations indicated that:   

• Some melt fraction is predicted under almost all conditions 

• Generally, melt fraction increases with increasing temperature and Ca content—and by 

extension, bark content—but decreases with increasing KOH(g) concentration 

• Formation of K-containing crystalline phases at high KOH concentrations > 10 ppm and low 

temperatures < 1250 °C  

• Haematite dust is predicted to increase the amount of molten material at higher temperatures 

(≥ 1350 °C) 

• 10 wt.% bark addition increases melt fraction by about 10 wt.% can serve as a reasonable 

experimental test blend 

• More severe slagging expected with 30 wt.% bark, i.e., an expected value of Si/Ca = 2 

• It is of crucial importance to experimentally establish how coal ash particles, biomass ash, 

and pellet dust particles interact to be able to strengthen the predicted scenarios 
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