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Abstract

Refractory castables are crucial in various regions of cement rotary kilns, facing severe operational
conditions such as high-speed raw material flow, the use of alternative fuels resulting in alkali, sulfur
and chlorine infiltration into the refractory lining, and temperature fluctuations. Moreover, the drying
step of such monolithic refractories is energy-intensive; however, BestDrying technology enables
significant energy savings and increased productivity due to faster drying curves, allowing kilns to resume
operation quickly. In this context, this study presents experimental results of BestDrying castables under
development for cement rotary kilns, focusing on the assessment of the physico-chemical properties
responsible for their superior drying performance. Additionally, tests simulating operational conditions in
cement kilns are discussed, highlighting the potential effectiveness and durability of BestDrying castables

in challenging industrial scenarios.

1. #E 1. Introduction

NOBENCENE, EERGLRIOKEE LR THE Global industry is under growing pressure to
WRELZ +1.5CICIR 32, 20305% TIOREMR combat climate change. According to the Paris
HADBHEZA3%HIB T 2ENBH V), HRWICKIRE Agreement”, limiting global warming to +1.5C
BADOHLAFTEO> TV D, mRICHBINDHEZRET compared to pre-industrial levels requires a 43 %
BIZDICILLEHATSNTULBMANIE, AV NEEZS reduction in greenhouse gas emissions by 2030.

* 1 Researcher, Technical Department, Shinagawa Refratarios do Brasil Ltda.
* 2 R&D technician, Technical Department, Shinagawa Refratarios do Brasil Ltda.
*3 Technical Manager, Technical Department, Shinagawa Refratarios do Brasil Ltda.
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Fig. 1 Schematic illustration of a cement rotary
kiln and its ancillary equipment. Adapted
from [2].
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Refractory materials, extensively used to protect
equipment subject to high temperatures, are
essential in enhancing the efficiency of industrial
processes across a wide range of manufacturing
activities, including cement production.

Both shaped and monolithic refractories play a
crucial role in cement rotary kilns and their ancil-
lary equipment (Fig. 1) - cyclone preheater, calciner,
smoke box, tertiary air duct, and cooler, where
castables are extensively used. These systems oper-
ate under severe conditions, including temperature
fluctuations, abrasion from high-speed raw meal
flow, and exposure to aggressive gases. Given the
variation in kiln sizes, fuel types, and operational
practices across cement plants, there is no unique
refractory solution. Instead, refractories should be
custom-selected to meet the specific needs of each
plant. However, universal operational constraints
can provide useful guidelines for refractory develop-
ment and selection?.

Refractory requirements for each region of a
cement kiln vary based on the specific operational
conditions faced by each of them. In the cyclone
preheater, refractories must withstand chemical
attacks from alkalis, chloride, and sulfur oxides,
while also being resistant to surface buildup
(coating formation). As temperature increases,
particularly in the lower cyclones, refractories with
high refractoriness and strength become crucial.
In areas like the lower cyclone stages, riser ducts,
and kiln inlets, alkali penetration poses a significant
threat, often leading to severe damage to refractory
linings due to condensation and successive volume
expansion at temperatures between 600-700 C.
Dense aluminosilicate refractories with 40-50 %
alumina content, low porosity, and high alkali
resistance are recommended, with the addition
of silicon carbide (SiC) or zircon to reduce coating
formation and mitigate chemical attack by forming a
protective glassy layer on the surface. The calciner
operates under even more demanding conditions,
with higher temperatures and more aggressive
chemical attack, due to increasing use of alternative
fuels, such as tires, plastics, meat meal, urban
waste, etc. Refractories in this region must not only
resist gas infiltration but also endure thermal shock
and high abrasion from high-velocity gases filled
with dust entering through the tertiary air duct.
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For the smoke chamber, which faces the harshest
conditions - temperatures near 1300°C, anchor
corrosion, and heavy coating formation - dense
pricks or low cement castables with low permeability
are often used to extend the equipment’s service
life. Finally, in the cooler, where clinker enters at
around 1200 C and cools to approximately 100 C,
refractories require high refractoriness, abrasion and
thermal shock resistance*”.

Developing a castable that meets all these
requirements while demonstrating superior drying
performance presents a significant challenge. This
is where BestDrying® comes into play. Designed
to withstand the harsh conditions described and
enable faster drying and heating curves, BestDrying®
has the potential to reduce fuel consumption and
increase productivity. To address this challenge,
understanding the drying phenomenon is vital.
Drying involves the removal of water from a material,
driven by gradients of pressure, concentration,
and/or temperature. In dense castables, water is
primarily released through the open porosity of the
matrix and the permeable interfaces between the
matrix and aggregates. For formulations containing
hydraulic binders, such as calcium aluminate cement
(CAC), the drying process typically occurs up to
600 C and consists of three stages: (i) evaporation,
(i) ebullition, and (iii) dehydration. The ratio of free
water (removed during evaporation or ebullition) to
chemically bonded water (hydrates) depends on
the total liquid added during mixing, as well as the
binder type and content. Evaporation occurs below
100 C; however, once this temperature is reached,
ebullition begins, resulting in a more rapid mass l0ss
compared to evaporation. This stage is particularly
critical in the drying process, as it significantly
increases the risk of spalling. As vapor forms within
the material, pressurized steam builds up, creating
internal stresses that may exceed the strength of the
castable®. Thus, the need for a binder system that
effectively combines the advantages of easy drying
with robust performance in cement kilns becomes
evident. Originally developed for application in
ironmaking, BestDrying® technology for refractory
castables has gained versatility and is now being
adapted for use in the cement industry, which
accounts for approximately 15 % of global refractory
consumption®.
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Table 1

This work -which represents an initial stage in
the transfer of BestDrying® technology to further
applications beyond ironmaking - aims to assessing
the physical properties of these castables, providing
insights into its performance under rapid heating
conditions. Experimental results comparing BestDrying®
with a conventional castable for cement industry are
also presented, especially in terms of key material
properties. The objective is to demonstrate how
BestDrying® could provide great performance while
offering increased efficiency, with lower energy
usage and CO, emissions in cement production
plants.

2. Materials and Methods

A set of BestDrying® castables was studied in
this work. The castables share the same matrix,
including the binder system and additives. However,
they differ in the large and medium-sized grains
according to their intended application region in the
cement kiln, as detailed in Table 1. A conventional
ALOs-Si0:-34.5 % SIC colloidal silica-bonded (CSB)
castable was also evaluated, for comparison of
drying behavior and physical properties.

BestDrying® castable formulations for each part of a cement kiln

Castable CP-10S

CP-30S

PC-05 | PC-105 | PC-305 | CO-305

Design to application in

Cyclone preheater

Calciner Cooler

Silicon carbide

)
(3.35-0.50 mm) 10%

31%

10% 31% 31%

Fused mullite
(2.00 - 0.425 mm)

4%

Calcined alumino-silicate

[0}
(< 4.75mm) 4%

33%

18% 18% 18% 22%

Calcined bauxite
(3.35 - 0.50mm)

29% 29% 8%

White fused alumina

o)
(< 1.00 mm) 10%

10%

28% 18% 18% 18%

Calcined alumina

o)
(< 0.045 mm) 21%

21%

21% 21% 21% 21%

Silica fume 4%

4%

4% 4% 4% 4%

Additives 1%

1%

1% 1% 1% 1%

Binder system

binder

BestDrying®
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2. 1 Explosion testing

Explosiontestwasconductedforallthe BestDrying®
and conventional colloidal - silica bonded castables.
All the test specimens were prepared by casting into
a cylindrical 100 x 100 mm PVC mold. The mold was
placed and closed inside a plastic bag to prevent
free water loss. The set time was recorded and 30
minutes after the castable had set, it was demolded
and put in a furnace at 1000 C. One hour later, the
specimen was removed from the furnace to check
the explosion occurrence and to assess the severity
of any cracking.

2. 2 Thermogravimetric analysis (TGA)

The objective of the TGA was to investigate
differences in the drying process among distinct
castable formulations. In this report, the TGA results
of BestDrying® CO-30S and the conventional CSB
castable are presented. Cylindrical test specimens
with dimensions of 50 x 50 mm were used. These
specimens were cured at room temperature, and
the TGA was started 2 h after setting. The analysis
was conducted from room temperature up to 400 C
at a heating rate of 3 ' C/min. TGA data allowed for
evaluating the dewatering stages of the specimens
by calculating the normalized W parameter in
Equation 1, where Mo is the initial mass, M is the
instantaneous mass recorded at a certain time
during heating, and M is the final (dry) mass of the
sample. Parameter W measures the cumulative
fraction of water expelled during heating divided by
the total mass lost during the test. The derivative
(dWyrdt) was also calculated to determine the drying
rate at each time interval (Equation 2). The drying
rate was then plotted as a function of temperature.

Mo—M)

WI[%]=100% X ——— Equation 1
=1 00% X = o=y quet
W ) (Wit1—=Wi-1) .
%/min]=—— Equation 2
at % ] (ti+1—ti-1) E

2. 3 Mechanical testing

Mechanical testing included both cold abrasion
test and hot modulus of rupture test. For the
abrasion test, specimens were pre-fired at selected
temperatures, and, after that, the test was conducted
at room temperature using a dedicated apparatus
following a standardized procedure, which involved
projecting 1kg of 36MF silicon carbide particles
from a distance of 200 mm onto the test specimen
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Fig. 2 Test specimens after completion of
the explosion test.(@) Conventional
colloidal silica-bonded (CSB) castable;
and (b) BestDrying® PC-0S castable.

and measuring the resulting volume loss. The hot
modulus of rupture test is 3-point bending test
performed at high temperature and using 160 x 25
X 25mm test specimens. In this study, the testing
temperatures were selected according to the
intended application region of the castables in the
cementkiln. For both cold abrasion and hot modulus
of rupture, an average value of 3 measurements was
presented.
2. 4. Alkali infiltration test

The alkali infiltration resistance was evaluated
through a static comparative test method. Two
castables were compared: BestDrying® PC-30S and
the CSB castable. Specimens with dimensions 114
x 114 x 76 mm were molded, and a 50 x 50 mm
cylindricalhole was made in each. This hole was filled
with a mixture of powdered K,COsand KoSOs,ina 1:1
ratio. To ensure that the vapor generated remained
inside the hole, the specimens were covered with a
silicon carbide lid. The specimens were then heated
to 1250 °C and held at this temperature for 24 h.
After the heating cycle, the specimens were cut and
subjected to visual inspection.

3. Results and Discussion

The conventional CSB castable did not withstand
the explosion test, resulting in a catastrophic
explosion (Fig. 2(a)). In contrast, all BestDrying®
castables withstood the explosion test without
major structural damage, as depicted in Fig. 2(b) and
summarized in Table 2. The reasons for these distinct

Table 2 Explosion test results and mechanical properties of CSB and BestDrying” castables

Castable CSB CP-10S CP-30S PC-0S PC-10S PC-30S CO-30S
Explosion test Exploded. Did not explode. Superficial cracking only.

400°C - 10.8 16.4 - - - -

Abrasion Index| g15 ¢ 8.0 42 42 3.2 36 42 40
1250°C 5.7 - - 33 49 4.2 4.3

400°C - 24.3 9.7 - - - -

HMOR / MPa 815C - 5.6 3.6 3.2 4.0 8.7 4.0
1250°C 10.2 - - 1.5 8.7 5.6 5.8
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performances are further discussed alongside the
TGA results.

TGA results (Fig. 3) show that CSB castable exhib-
ited a noticeable drying rate below 100 C, indicating
the release of free water. A significant increase in
the drying rate was observed above 150 ‘C, peaking
around 200 C, which corresponds to the ebullition
mechanism for water release, as the colloidal silica
pbond does not involve the formation of hydrated
phases. Despite this, the small drying peak between
300 and 350 C may be related to the dehydration
of Mg(OH)., originating from MgO used as setting
accelerator. The high drying rate (with a maximum
peak of 3.15%/min) is attributed to the material’s
high permeability®. However, the explosion observed
in the explosion test may be linked to the castable’s
low mechanical strength within the temperature
range in which water removal is most intense.

On the other hand, the BestDrying® CO-30S
castable exhibits a drying profile with minimal
water loss through evaporation. This observation
suggests that most of the water present is chemi-
cally bonded in hydrated phases. The presence of
various hydrated phases may contribute to lower
permeability; however, it is believed that this mate-
rial possesses superior mechanical strength in the
temperature range where water release is most
significant, contributing to the absence of explosion
in the explosion test. As all BestDrying® castables
currently in development share the same matrix,
their drying behavior may be similar, as supported by

0= CO-30S
—0=—CSB

2ot
(@)

250 300 350 400

Temperature / C

Fig. 3 Drying rate vs. temperature comparison between BestDrying® CO-30S and conventional colloidal-
silica bonded (CSB) castable, based on thermogravimetric analysis (TGA).
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Fig. 4 Cross-section of castable specimens after
alkali infiltration test at 1250 °C, comparing
(a) BestDrying® PC-0S, and (b) conventional
CSB castable.
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the fact that none of them - CP-10S, CP-30S, PC-0S,
PC-10S, or PC-30S - exploded in the explosion test.

In addition to the energy savings and productiv-
ity gains offered by castables that allow for faster
heating rates, it is important that such refractories
possess enough mechanical strength to withstand
the high-speed flow of gases and particles within the
cement kiln ancillary equipment (cyclone preheater,
tertiary air duct, eto).

As shown in Table 2, BestDrying® castables
exhibit elevated resistance to abrasion when fired
at 815 C and 1250 C. Regarding those designed for
application in the cyclone preheater - CP-10S and
CP-30S - which operates at lower temperatures (<
900 C), although the abrasion resistance is relatively
low after treatment at 400 °C, the HMOR at this
temperature is significantly high. Thus, the actual
abrasion resistance in the 400-900 C temperature
range is expected to be satisfactory.

Compared to the colloidal silica-bonded (CSB)
castable, all BestDrying® castables present a lower
abrasion index, that is, high abrasion resistance,
when fired at 815 °C and 1250 C. Even though the
CSB castable has a HMOR of 10.2 MPa at 1250 C,
which is higher than most of the BestDrying® HMOR
values - except for that of PC-0S (11.5MPa) - the
overall mechanical properties of the fast-drying
castable under development are considered suit-
able for application in the cement industry.

The alkali infiltration test results demonstrated that
the BestDrying” PC-0S castable effectively resisted
the infiltration of alkaline compounds and sulfur,
with a significant portion of the reagents remaining
in the cylindrical hole within the specimen (Fig. 4(a)).
In contrast, the CSB castable exhibited inferior
performance, as much of the reagent infiltrated the
material, leading to deep cracks (Fig. 4(b)). These
cracks likely reflect the volumetric expansion asso-
ciated with the formation of K-aluminosilicates and
sulfates”®. The reasons for the superior performance
of BestDrying® - whether due to the formation of a
viscous glassy phase or reduced permeability at the
test temperature - are still under investigation and
may be published in future studies. It should be
noted, once again, that, as all BestDrying® versions
currently in development share the same matrix,
their resistance against corrosion and infiltration in
this test is expected to be similar.
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These findings highlight the versatility of
BestDrying® technology for other markets, partic-
ularly for application in the cement industry. By
demonstrating excellent abrasion resistance and
robust resistance to alkali infiltration, the set of
BestDrying® castables shows potential for use in
cement kilns, including those that employ a high
ratio of alternative fuels, thereby contributing to a
reduced reliance on fossil fuels.

4. Conclusions

This work -which represents the initial stage
in extending BestDrying® technology beyond
ironmaking - aimed to assess the key properties of
these castables in comparison to a conventional
colloidal silica-bonded castable. Insights into their
performance under fast-drying conditions were also
provided. Based on the results, the main conclusions
are as follows:

+ BestDrying® exhibited excellent abrasion resist-
ance, which may be advantageous for resisting
wear caused by the high-speed flow of gases and
raw materials in cement production.

- BestDrying” castables were able to withstand
fast-drying conditions, demonstrating superior
performance compared to the conventional
colloidal silica-bonded castable, which is the
current  benchmark technology for drying
efficiency.

+ Despite minimal water loss through evaporation,
BestDrying® resisted an extremely high drying rate
during the explosion test. This fact indicates that
the primary property responsible for the superior
drying performance is higher mechanical strength
in the temperature range in which the water
release occurs, rather than high permeability.

+ In comparison to the colloidal silica-bonded
castable, BestDrying® demonstrated superior
resistance to alkali and sulfur infiltration, maintaining
a coherent structure with no visible cracks after
exposure to these compounds.

The combined results underscore the potential
of BestDrying® to accelerate conventional drying
curves in cement production, while maintaining a
robust performance under highly abrasive and highly
corrosive operational conditions. This could lead to
reduced energy consumption, lower greenhouse
gas emissions, and increased productivity. The
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TLTWB, CNICKY), TXILF—HEDHIE, BEDR next steps of this study will focus on assessing the
HZOBEHER, EEMEOBLEICDBABTEEMENH . permeability of BestDrying® castables, as well as on
COWEDRD T v FTld, BestDrying™ + 25 7L performing larger-scale fast-drying tests to evaluate

- X . - the effect of volume on drying behavior.
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Remarks

A portion of the results contained in this technical report has been also submitted for publication at the
43" ALAFAR (Asociacion Latinoamericana de Fabricantes de Refractarios) Conference, which took place
between 9" and 12" December, 2024.
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