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Characterization of Ring Deposits Inside a Quicklime Producing
Long Rotary Kiln
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†Department of Applied Physics and Electronics, Thermochemical Energy Conversion Laboratory, Umeå University, SE-901 87
Umeå, Sweden
‡Nordkalk AB, Kungsan̈gsvag̈en 22, SE-731 36 Köping, Sweden

ABSTRACT: Ring deposits are common problems in rotary kiln operations. The ring is constantly subjected to thermal and
mechanical wear counteracting the growth of the ring. If the ring hardens or if the growth of the ring is too rapid, the kiln needs
to be shut down and the ring removed, reducing the operational time and profitability of the process. In the present study, ring
deposits from a limestone fed long rotary kiln producing quicklime was sampled and characterized in detail by SEM-EDS,
dynamic rate TG, and XRD analyses. This work identifies three hardening mechanisms active in the kiln, an increased
densification of the ring deposits near the refractory surface, the formation of calcite and spurrite through carbonation of the
ring deposits, and the intrusion of molten fuel ash and product into the refractory, resulting in a strong attachment of the
deposit to the refractory surface. The work also concludes that a significant part of the ring deposit has its origin in the fuel ash,
contributing to deposit mass and increasing the ring growth rate.

■ INTRODUCTION

Rotary kilns are used in many industrial applications.1 The kiln
has a long cylindrical shape and is in slow rotation during
operation. A small inclination of the kiln forces the feed
material down through the kiln during the rotation. In the
lower end the fuel and combustion air enter the kiln. The kiln
operates in a countercurrent mode, as the condensed feed
moves down toward the burner and the combustion and
process gases move in the opposite direction. Rotary kiln
processes are prone to buildups, and accumulation and
circulation phenomena.2,3 The present study targets the
accumulation of particles, known as ring formation, in
quicklime production, see Figure 1. The ring deposit reduces
the effective radius of the kiln, hindering material flows. If the
ring grows thick enough, the kiln has to be shut down and the
ring removed.
Although ring formation in rotary kiln applications has been

widely studied, for the production of, e.g., ordinary Portland
cement clinker,4−8 calcium−aluminate cement clinker,9

magnesite,10 iron pellet,11−13 sponge iron,14 ferro-nickel
alloys,15 and lime mud reburning,16−19 only a few studies on
ring formation in limestone feed rotary kilns for quicklime
production can be found.20,21 Although the principle of the
rotary kiln remains the same, the process conditions and raw
material properties differ significantly between these processes.
Ring formation has been attributed to unstable operating

conditions, fuel and ash properties, combustion conditions,
feed material properties, accumulation phenomenon, and
chemical reactions.22−27 Early detection measures, such as
kiln shell temperature measurements,28 and countermeasures,
such as feed material properties, chemical additives, and
physical removal technologies, are continuously investi-
gated.9,29−32

The raw material of quicklime is limestone, an abundant
rock that is quarried or mined. The limestone, rich in calcium

carbonate, is heated to decomposition temperature to produce
the quicklime, rich in CaO, according to reaction 1.

→ +CaCO (s) CaO(s) CO (g)3 2 (1)

Quicklime is used in many industrial applications and is
available in a wide range of product qualities.33,34 The
quicklime quality is dependent on the raw material properties,
kiln type, fuel properties, and process conditions during
production.
In the present study, the ring formation in a 150 m rotary

kiln fed at 38−40 t/h with different limestone of high and
medium purity was studied; see Table 1. The feed fractions
range from 6 to 40 mm. The kiln is fired with coal and waste
derived fuel oil. The temperature profile inside the kiln is
measured as gas temperatures in the preheating zone at 139 m
and in the calcination zone at 113 m; see Figure 2. The
preheating zone temperatures range from 560 to 697 °C, with
an average temperature of 615 °C. The calcination zone
temperatures range from 800 to 915 °C with an average
temperature of 851 °C. At the lower end of the kiln the exit
temperature of the product is measured. The kiln operates well
above the calcination temperature of calcite, and when exiting
the kiln to the cooler, the measured product temperature
ranges between 1311 and 1500 °C, with an average
temperature of 1425 °C. The product is thoroughly calcined
with a residual carbon content < 0.08 wt %, corresponding to
<0.7 wt % CaCO3, and no unreacted cores can be detected.
The flame operating temperature is estimated to 1700−1800
°C on the basis of adiabatic flame temperature calculations for
the fuels and the operational excess air ratio. For the period
investigated the coal had on average 9 wt % ash as received.
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The main components of the coal ash were on a dry basis
average; SiO2 = 50 wt %, Al2O3 = 24 wt %, Fe2O3 = 10 wt %,
CaO = 5 wt %, K2O = 2 wt %, MgO = 2 wt %, and S = 2 wt %,
the rest being minor components at concentrations <1 wt %.
The fuel oil, used only occasionally and at low feed rates,
contained only minor amounts of ash. Chemical equilibrium
calculations show that the fuel ashes are completely melted at
the operating flame temperatures. Kiln shell temperatures were
used to localize the position of the rings, and an extensive
sampling campaign was performed during a kiln shutdown.

■ METHODS AND MATERIALS
Sampling and Sample Preparation. The kiln was shut down

and emptied for maintenance. When the kiln was cool enough to
enter, samples from the deposits were gathered manually. Extensive
kiln shell temperature measurements were used to position the area at
which the most deposit formation usually occurs. Five samples from
this area were selected for extensive analysis, 11, 14, 19, 21, and 24 m;
see kiln drawing in Figure 2. Ocular inspection showed a vertically
layered deposit structure consisting of fine particles. The layers were
of different texture and color. Since the samples were too big to
analyze as such manual division into subsamples for analysis was
performed on the basis of the visually identifiable layers. The
subsamples will in the following be referred to as zones. All zones

were consistently numbered starting from the refractory surface, zone
1, toward the center of the kiln. Flat surfaces were used to identify the
contact layer with the refractory; see Figure 3. The kiln has different
refractories. The refractories at the sampling points are of three
different qualities and consist of 91.0−93.2 wt % MgO, 4.5−5.5 wt %
Al2O3, and <1 wt % CaO, Fe2O3, and SiO2, respectively.

Deposit samples were sectioned by dry cutting with a rotating
diamond disc. To not overheat equipment and samples during dry
cutting, it was made in short intervals and with removal of debris with
compressed air. For scanning electron microscopy−energy dispersive
X-ray (SEM-EDS) analysis, samples were cast into epoxy, plane-
ground, and polished with SiC paper in dry conditions. Compressed
air was used for removal of debris. Pulverization prior to XRD and
thermogravimetric analysis was made in a ceramic mortar; in the case
of hard components a steel mortar and pestle were used to crush the
sample.

Scanning Electron Microscopy and Energy Dispersive X-ray
Analysis. Scanning electron microscopy and energy dispersive X-ray
spectroscopy were used to investigate morphology, and elemental
composition and distribution. A Zeiss EVO LS15 with LaB6 electron
source and operated in extended pressure mode for charge removal
was used. Mainly backscattered electrons (BSE) were used for
imaging as to benefit from atomic number contrast. Elemental
compositions are displayed as atom percent on a carbon- and oxygen-
free basis.

Figure 1. Top: Schematic illustration of rotary kiln producing quicklime. The kiln has a small inclination, Θ, which forces the limestone feed down
toward the flame as the kiln rotates along its longitudinal axis, x. The calcined limestone, the quicklime product, exits the kiln to a cooler designed
for heat recuperation. Bottom left: Ring formation in the rotary kiln in question, as seen from the lower end. Photographed during the short kiln
stop for ocular ring situation inspection, with the burner in the foreground and the materials still glowing hot. Bottom right: Schematic illustration
of the ring deposit. The ring reduces the effective radius, r, of the kiln. Initially the reduced radius, r′, forms a dam hindering the material flows in
the kiln. Eventually the kiln has to be shut down and the ring removed.

Table 1. Classification of High Calcium Limestone (wt %)35−37

classification CaCO3 CaO MgO SiO2 Fe2O3

very high purity >98.5 >55.2 <0.8 <0.2 <0.05
high purity 97.0−98.5 54.3−55.2 0.8−1.0 0.2−0.6 0.05−0.1
medium purity 93.5−97.0 52.4−54.3 1.0−3.0 0.6−1.0 0.1−1.0
low purity 85.0−93.5 47.6−52.4 >3.0 <2.0 >1.0
impure <85.0 <47.6 >3.0 >2.0 >1.0

Figure 2. Kiln drawing of the investigated lime kiln with horizontal kiln positions in meters. Support tires at 8.5, 32.1, 58.3, 85.9, 113.5, and 139.9
m. Samples were collected along the kiln, and samples from 11, 14, 19, 21, and 24 m were selected for extensive analysis.
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Powder X-ray Diffraction. Powder X-ray diffraction (XRD) was
performed on pulverized deposit samples to investigate crystalline
compounds. It was performed on a Bruker AXS d8 advance operated
in 2θ mode with Cu Kα radiation and spinning sample. Semi-
qualitative quantification of XRD results was obtained with Rietveld
refinement of identified structures with crystal data from the Inorganic
Crystal Structure Database.38

Dynamic Rate Thermogravimetric Analysis. Dynamic rate
thermogravimetric analysis (DRTG) was performed with TA
Instruments TGA Q5000 IR. The experimental settings were as
follows: 10−20 mg of sample, CO2 atmosphere, and alumina crucible.

The instrument settings were as follows: maximum heating rate of 50
°C/min to 1000 °C, with a dynamic resolution setting of 5.0 and
instrument sensitivity setting of 3.5.

■ RESULTS

Scanning Electron Microscopy and Energy Dispersive
X-ray Analysis. Upon visual inspection, the deposits
displayed a layered character, which was revealed as zones of
different porosity when viewed with SEM. As can be seen in
Figure 3, the bottom layer (zone 1) is denser while the upper

Figure 3. Photograph of 19 m sample and SEM image. Left: deposit sample (≈10 cm × 10 cm), with zones and the refractory−kiln center
orientation marked. Right: SEM image (≈1.5 cm × 3 cm), position marked as black rectangle in left image. The sample shows a layered structure
that is denser toward the refractory surface. White rectangles indicate two of the positions further investigated: lower rectangle, in Figure 4, and
upper rectangle, in Figure 5.

Figure 4. BSE image and elemental maps for Mg, Al, Si, and Ca of zone 1 sampled at 19 m (corresponds to bottom white rectangle in Figure 3).
The sample is dominated by Ca with some Si, low concentrations of Mg, and Al and has traces of Na, K, Fe, P, S, and Cl. EDS analysis indicates
lime, alite, and an Al rich phase.
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layer (zone 2) has a more porous structure where the
individual grains are connected via necks. An example of a
dense zone can be seen in Figure 4, with the elemental
composition presented in Table 2. The sample is dominated by

Ca, Si, Mg, and Al. The main areas comprise Ca (94 at. %) or
Ca and Si (73 and 22 at. %). Small areas of high concentrations
of Al and Mg are found. An example of a porous zone is shown
in Figure 5 with the elemental composition presented in Table
3. The sample is dominated by Ca, Si, Mg, and Al. The main
areas comprise Ca (94 at. %) or Ca and Si (75 and 19 at. %).
Again, small areas of high concentrations of Al and Mg are
found.
The MgO refractory was infiltrated with melt. The interface

between deposit and refractory is displayed in Figure 6. Melt
has entered the refractory, and the melt is enriched in Mg, as
can be seen from elemental compositions of points 3 and 4 in
Table 4. K and Cl were found in high, equal concentrations on
the deposit. The Mg content in the deposit close to the
refractory was increased, and it was more evenly distributed
compared to the Mg found far away from the refractory. This
phenomenon can be related to release of MgO from the
refractory, where solid MgO is dissolved into an oxide melt or

into a solid solution with, e.g., 3CaO·SiO2 or CaO. However,
the phenomenon can also originate in variations in the kiln
input feeds.

Powder X-ray Ddiffraction. The following compounds
were identified by XRD analysis: calcium oxide (CaO), calcite
(CaCO3), alite (3CaO·SiO2), belite (2CaO·SiO2), tricalcium
aluminate (3CaO·Al2O3), portlandite (Ca(OH)2), periclase
(MgO), spurrite ((2CaO·SiO2)2(CaCO3)), and sylvite (KCl).
Considering the operating temperatures and material flows of
the kiln, it is feasible to assume that Ca(OH)2 is a reaction
product of CaO hydratization, during kiln cooldown, sampling,
sample storage at the kiln site, sample transport to the analysis
laboratory, sample preparation, and analysis steps. Therefore,
all analysis results are corrected for CaO hydratization by
assuming all Ca(OH)2 as CaO at kiln operating conditions.
Table 5 shows XRD data for the different zones of the sample,
and Figure 7 shows the average composition of the ring
buildup at different kiln positions.
One sample from 24 m contained about 20 wt % spurrite

and the diffractogram is shown to the right in Figure 8 together
with peak positions and their relative intensity for spurrite. The
peaks below 27° for spurrite have few overlaps with other
phases and are clearly visible in the diffractogram. The Rietveld

Table 2. Elemental Composition (at. %) of Points Indicated
in Figure 4

for given position

element full map 1 2 3 4

Mg 2.7 2.4 1.1 62.9 1.9
Al 1.7 0.6 1.6 0.9 20.4
Si 12.2 2.2 22.2 3.7 10.2
Ca 81.8 94.3 73.3 32.0 65.5
other 1.5 0.5 1.8 0.5 2.1

total 99.9 100.0 100.0 100.0 100.1

Figure 5. BSE image and elemental maps for Mg, Al, Si, and Ca from zone 2 in the sample taken at 19 m (corresponds to upper white rectangle in
Figure 3). The images show ≈1 mm particles connected with bridges. EDS analysis indicates the minerals lime (point 1), alite (point 2), and an Al
rich phase (point 3); see Table 3 for quantification. The magnesium results suggest that the sample is not contaminated with refractory material.

Table 3. EDS Quantification (at. %) for Spots 1−3 and
Whole Image in Figure 5

for given position

element full map 1 2 3

Mg 2.8 1.7 1.5 0.9
Al 3.7 1.1 2.2 23.2
Si 8.5 2.1 19.8 6.7
Ca 82.9 94.4 75.2 67.1
other 2.0 0.8 1.3 2.2

total 99.9 100.1 100.0 100.1

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.9b00865
Energy Fuels 2019, 33, 11731−11740

11734

http://dx.doi.org/10.1021/acs.energyfuels.9b00865


refinement of this phase was made with the structure resolved
by Grice.39

Dynamic Rate Thermogravimetric Analysis. Samples
from 11 and 19 m were investigated by dynamic rate TG in a
CO2 atmosphere. The results show carbonation from 400 °C
up to the decomposition temperature at 900 °C. Even though
other mechanisms cannot be excluded on the basis of available
data, the dominant mechanism is most likely the carbonation
of CaO to CaCO3. All zones exhibit reactivity toward CO2; see
Figure 9 and Figure 10. Zone 1 of the 11 m sample shows the
highest carbonation capacity with an increase in the ass of 12
wt %. Samples from 11 m zone 1 and all the zones of the
sample from 19 m show two decompositions, the first at 900
°C, related to calcite and the second, at 950 °C, possibly to
spurrite.

Figure 6. BSE image and elemental maps for Mg, Al, Si, and Ca of the interface between deposit and refractory. Melt has entered the refractory,
and the melt is enriched in Mg, as can be seen from elemental compositions of points 3 and 4 in Table 4. K and Cl was found in high, equal
concentrations on the deposit.

Table 4. Elemental Composition (at. %) of Measured Points
in Figure 6

at given position

element 1 2 3 4 5

Na 2.3 0.1 0.3 0.5 0.6
Mg 12.5 86.9 11.3 11.2 39.7
Al 0.6 0.7 0.4 1.3 3.8
Si 2.7 2.7 5.3 19.5 17.1
Cl 33.8 0.7 0.9 1.1 0.3
K 29.3 0.7 0.6 0.9 0.4
Ca 18.6 8.0 80.3 64.3 37.5
other 0.2 0.3 0.8 1.2 0.7

total 100.0 100.1 99.9 100.0 100.1

Table 5. XRD Analysis of Ring Samples (wt %), Corrected for Hydratization of CaOa

pos. CaO CaCO3 2CaO·SiO2 3CaO·SiO2 (2CaO·SiO2)2(CaCO3) 3CaO·Al2O3 MgO KCl total

11z1 81.72 0.00 15.89 2.01 0.00 0.00 0.38 0.00 100.00
11z2 86.75 0.00 0.00 13.25 0.00 0.00 0.00 0.00 100.00
11z3 56.30 1.46 8.56 29.18 0.00 4.50 0.00 0.00 100.00
14z1 63.35 10.38 6.43 7.53 9.00 3.32 0.00 0.00 100.00
14z2 75.06 1.39 2.75 12.07 5.27 3.47 0.00 0.00 100.00
14z3 47.35 11.27 17.00 9.01 12.76 2.61 0.00 0.00 100.00
14z4 44.87 12.09 7.61 22.18 10.59 1.84 0.82 0.00 100.00
19z1 43.66 15.11 13.76 13.08 8.92 4.77 0.68 0.00 100.00
19z2 65.03 4.69 11.82 9.76 4.00 3.85 0.85 0.00 100.00
19z3 62.77 10.44 8.96 7.24 5.73 3.39 1.47 0.00 100.00
19z4 56.28 13.84 15.54 0.00 9.10 3.49 1.75 0.00 100.00
21z1 45.89 15.74 16.12 0.00 13.21 7.59 0.58 0.87 100.00
21z2 29.67 13.20 15.29 14.87 15.58 9.64 0.76 0.99 100.00
24z1 34.43 3.17 30.03 13.71 10.32 7.37 0.97 0.00 100.00
24z2 48.04 5.87 20.23 8.38 8.25 8.59 0.63 0.00 100.00
24z3 41.40 2.15 22.94 12.86 10.87 8.20 1.59 0.00 100.00

apos. = Kiln position (m), and z = zone of the sample, where z1 is closest to the refractory surface.
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The sample from 19 m zone 2 shows the most complex re-
carbonation behavior and was investigated in multiple
carbonation−calcination cycles. The dynamic rate function
was not applicable to the cooling part of the cycles, and the
experiment was run at dynamic resolution setting = 0, i.e., at
constant heating and cooling rates. The result shows that the
carbonation capacity of the sample decreases over the cycles;
see Figure 11. It also shows that only the first cycle has a clear
two-step decomposition behavior between 900 and 1000 °C.
The major decomposition at 900 °C corresponds to the
decomposition of calcite, while the minor decomposition at
950 °C is of yet unknown origin, possibly related to the
decomposition of spurrite.

Figure 7. Average composition (mol. %) of ring samples at five kiln
positions, all zones. Number of observations, n = 2−4. Corrected for
CaO hydratization.

Figure 8. Left: Diffractograms from ring samples at different positions in the kiln and different zones within the rings together with reference
patterns for detected phases. Right: Sample from the ring at 24 m with high concentration of spurrite and the reference pattern. The peaks below
27° for spurrite have few overlaps with other phases and are clearly visible in the diffractogram.

Figure 9. Results from dynamic rate TG in CO2 of samples from 11
m, 100−1000 °C.

Figure 10. Results from dynamic rate TG in CO2 of samples from 19
m, 100−1000 °C.
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■ DISCUSSION
The XRD analysis shows a significant variation in the free
calcium oxide (CaOFree) concentration over the investigated
kiln positions. At 21 m, the CaOFree reached only 64 mol %,
corresponding to a low 38 wt %. The main contaminations
were silicon and aluminum. Among the silicon compounds, the
alite phases (3CaO·SiO2) dominated at the hotter positions
near the flame, while, at lower temperatures, further up into the
kiln, the belite phases (2CaO·SiO2) dominated. In addition, a
spurrite phase ((2CaO·SiO2)2(CaCO3)) was identified; see
Figure 12. Since the kiln was operated with high and medium

purity limestone and magnesia refractories, and since no
volatilization−condensation mechanism for silica was active at
the operating temperatures of the kiln, the silicon compounds
must originate from the high SiO2 fuel ash. The results showed
that the fuel ash was incorporated into the ring deposit over
the whole range of 11−24 m. It can be assumed that the ash
was not incorporated only into the deposit but also into the
product, reducing product quality.
Since the limestone rock utilized for kiln feed does not

contain any spurrite, the spurrite found in the deposit must
have formed by carbonation reaction within the kiln. It is
known from other processes such as cement clinker production
that spurrite is formed in kiln conditions with atmospheres
high in CO2 and that when formed, spurrite reinforces deposits
by producing a mass of interlocking crystals.40 The chemical

analysis performed cannot unambiguously rule out the
possibility that some calcite originating in the limestone rock
might be found in the deposit samples. However, since most
samples containing CaCO3 also contain 3CaO·SiO2 and since
the deposits show reactivity toward gaseous CO2, see Figure
13, it is unlikely that is the case. The small particles within the

deposit with an estimated retention time in days, not hours, are
likely to have undergone several calcination−carbonation
cycles prior to sampling. Carbonation of the deposit increases
the deposit mass and wear resistance. TG analysis shows
decreased carbonation capacity of the deposit material over
multiple calcination−carbonation cycles, in line with earlier
results related to calcination−carbonation of CaCO3; see, e.g.,
ref 41. The formation of carbonated products such as spurrite
and calcite hardens the deposit and thereby significantly
increases the wear resistance of the ring. Kiln operations
should be stabilized to avoid fluctuations close to carbonation
temperatures.
Spurrite is reported to be stable to between 900 and 950 °C,

depending on other components present.8,22,42 Figure 14
shows the calculated stability diagram for the system CaO−
SiO2−CO2 in the composition range CaO·SiO2−CaO and 0.1
bar of CO2 pressure. Thermodynamic data for (2CaO·
SiO2)2(CaCO3), spurrite, and (2CaO·SiO2)(CaCO3)2, till-
eyite, from Backman43 and for other components from the
FactSage 7.2 database.44 For the kiln deposits the results show
that the CaO to SiO2 mole ratio declines further into the kiln,
from 0.93 at 11 m to 0.85 at 24 m. In this range tilleyite is
formed at 420 °C and spurrite at 450 °C. Spurrite and calcite
coexist up to around 750 °C, where calcite starts to
decompose. Above spurrite decomposition at approximately
900−950 °C belite (2CaO·SiO2) is stable until alite (3CaO·
SiO2) forms at 1350 °C. The results show that the deposit
contains both spurrite and alite, indicating temperature
variation from below 900 °C up to above 1300 °C.
The fuel ash will also interact with the refractory. The SEM-

EDS results show the penetration of a Ca−Si−Al oxide melt
into the refractory at 21 m. The chemical composition of the
limestone feed and the refractory conclude that the silica
originates mainly from the fuel ash. Calcium is readily available
in the process and most likely originates from the limestone
feed. The refractory at 21 m contains about 5 wt % alumina,
and on the basis of these results the origin of alumina in the

Figure 11. Constant rate TG results of sample from 19 m zone 2 in a
CO2 atmosphere. The deviation from linear cooling from 1000 to 950
°C was investigated with an empty sample pan and concluded to be
an instrumental artifact.

Figure 12. Silica containing compounds (wt %) at different kiln
positions. As identified by XRD. Corrected for CaO hydratization.
Average of all zones; number of observations, n = 2−4.

Figure 13. Carbon containing compounds (wt %) at different kiln
positions. As identified by XRD. Corrected for CaO hydratization.
Average of all zones; number of observations, n = 2−4.
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melt cannot be clearly determined. The result of the melt
penetration, however, is a strong attachment of the deposit to
the refractory. SEM images also show a densification of the
sample toward the kiln refractory. The kiln atmosphere, being
high in CO2, together with the high operating temperature of
the kiln, promote this densification of the CaO matrix.45,46

Since it can be expected that the ring deposit builds from the
refractory surface toward the center of the kiln, the material
nearest the refractory has a longer exposure to the conditions
promoting densification.
Although no pure phases including iron or sulfur could be

detected with XRD, a systematic association of Fe to other
elements could be observed in the EDS maps. The localization
of Fe seems to be strongly correlated to Al with a constant
presence of Ca and in some cases also Si. There are many
possible phases in the CaO−Al2O3−Fe2O3(−SiO2) system.
The phase 3CaO·Al2O3 can hold up to 4.5 wt % Fe3O4, and
this would only yield a slight change in the pattern for this
phase in the diffractogram. It can also appear in solid solution
with ferrite, giving a compound with composition
Ca2(AlxFe1−x)2O5, where x can vary between 0.48 and 0.7.40

In the samples where most S was found, it was localized
together with K and Ca, probably as sulfates.

■ CONCLUSIONS
Buildup of deposits can be expected in all rotary kiln
operations, and the factors influencing the hardening of the
deposit preventing the wear and spontaneous release of the
ring deposit is of special interest. Detailed analyses of deposits
from an industrial scale quicklime burning rotary kiln was
targeted in the present study.
The deposits are formed at high temperatures where the

molten fuel ash interacts with the refractory and the quicklime
product. The present study identifies three hardening
mechanisms active in the kiln. There is an increased
densification of the ring deposits near the refractory surface.

Fluctuating temperatures give rise to the formation of calcite
and spurrite through carbonation of the ring deposits. There is
an intrusion of molten fuel ash and quicklime product into the
refractory resulting in a strong attachment of the deposit to the
refractory surface. However, on the basis of the material
characterization in this work, no quantitative assessments can
be made, e.g., the effect of these mechanisms, individually or
together, on kiln operations and availability, nor which is the
dominant mechanism with regard to kiln shutdowns.
Furthermore, the results showed that fuel ash is reactive in

kiln operating conditions. Silica in the fuel ash was extensively
incorporated into the deposits found at 11−24 m, with no
unreacted SiO2 found, contributing to the ring deposit mass
and increasing the growth rate of the ring. The fuel ash can
also be expected to influence quicklime product quality
negatively.
Kiln operation was not stable during the time for ring

buildup, and fluctuating temperatures allow for carbonation of
belite to spurrite, and calcium oxide to calcite, hardening the
ring. The ring deposits consisted of only fine particles, and no
quicklime or limestone lumps were found, confirming that the
deposits were built-up by accumulation of particles. The
densification of CaO−CaCO3 is mainly dependent on CO2 in
the atmosphere, the temperature, and residence time of
accumulated particles in the deposit and cannot be easily
controlled.
Future work should focus on influences from fuel ash and

operational stability. Maximum kiln loads of silica and alumina
should be determined, and incorporated into limestone feed
and fuel specifications. Kiln operators should pay special
attention to avoiding fluctuating temperatures within the kiln.
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