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A B S T R A C T   

Energy efficiency is closely linked to industry goals of reducing environmental impacts, where selecting the best 
heating curve has a great effect on the total energy consumption, costs, and CO2 emission, especially for re
fractory castable lining equipment. By using numerical modeling, this work analyses the effects of the temper
ature and heating rate for thermal treatment profiles comprising a single dwell time. Based on the results 
attained, a single plateau at 350 ◦C proved not to be useful for lower thickness castable lining (10 cm) as the 
resistance ratio peak had already reached high values near the beginning of the dwell time. Increasing the 
castable wall thickness up to 30 cm requires even more complex profiles than the ones presented. In addition to 
analysing pressure build-up behavior, this work compared the energy efficiency associated with each of the 
heating curve cases analyzed, providing a methodology for heating schedule selection.   

1. Introduction 

Refractory ceramics are key materials for the industrial sector as they 
comprise the lining and thermal insulation of high-temperature equip
ment, making the production viable of many different products such as 
glass and steel. They are commonly divided into two groups: shaped and 
non-shaped. The first has a defined geometry, while the latter is applied 
directly to the equipment and attains its final shape during the appli
cation [1]. 

For processing non-shaped or a castable ceramic, the material pow
der must be mixed with a liquid, usually water, and applied to the 
selected site [2,3]. Due to the moisture content, a controlled heating 
schedule ensures that the generated vapor within it has enough time to 
diffuse and leave the material, inhibiting the generation of high pres
sures that can damage the equipment lining and to reduce operation 
safety [3]. 

In a previous published work by the authors on castable drying [4], 
important parameters such as resistance ratio, which assesses whether a 
monolithic refractory lining is close to the mechanical failure when 
subjected to a specific heating curve, the effects of the dynamic 
permeability and the thermal conductivity under constant heating rate 
curves, were presented. This was the first step towards optimizing the 

drying of refractory castables, mainly for steel ladles. 
Yet, as it has already been shown, the application of such simple and 

shorter profiles are limited to the thinner linings (~10 cm monolithic 
wall), implying that to safely dry more complex geometries or thicker 
layers, other heating schedules must be evaluated. Usually, the thickness 
of the working lining of a steel ladle has approximately 20–30 cm, which 
requires even more controlled and careful pre-heating. 

The industry commonly applies plateaus at specific temperatures, to 
attain a complete and safe drying, where the dwell time length is directly 
correlated to the thickness of the castable layer [3]. Nevertheless, the 
practice shows that there is not a specific consensus on how long it 
should take, whether that temperature is the optimal one, or even if 
other essential features, such as the kinetics of the drying process, are 
taken into consideration [5]. 

This work builds upon the aspects already discussed in the former 
publication [4], which ensures the safe drying by accounting the resis
tance ratio for a particular castable composition. It also includes the 
evaluation of heating up schedules considering the holding times at 
different temperatures during the drying process, different lining 
thicknesses, and the effects of different heating rates. 

The energy consumption for the different heating profiles is also 
computed and used as an index to rank the best profiles suited for a given 
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application. To do this, a novel methodology for comparison among 
different curves is proposed, considering important aspects such as 
drying, probability of mechanical failure (resistance ratio) and 
consumed energy. 

2. Materials and methods 

2.1. Materials and properties 

The selected material was a self-flowing high-alumina cement- 
bonded castable, which will be referred as 5CAC as it contains 5% 
mass content of calcium aluminate cement. The raw materials used, the 
mass fraction and the suppliers can be found in Ref. [4]. 

The composition was obtained considering the Andreassen particle 
packing model (q = 0.21) [6]. To prepare the material, a mixture of the 
dry powder was homogenized in a rheometer [7] and then it was shaped 
into 50 mm diameter and 50 mm height cylinders used for TGA [8,9]. 
25 × 25 × 150 mm samples were used to evaluate the mechanical 
strength, 223 × 114 × 64 mm bricks for the thermal conductivity, and 
38.2 mm diameter by 22 mm height cylinders for the permeability 
measurement. Afterwards, they were cured at 30 ◦C/24 h at 90% rela
tive humidity, dried at 110 ◦C/24 h and then all the samples, except the 
ones used for TGA, were pre-fired in temperatures ranging from 300 to 
800 ◦C/5 h. 

Following the process described in detail in Ref. [4], the thermal 
conductivity and heat capacity were measured using the hot wire 
technique (ISO 8894-2) [10,11] and the permeability at room temper
ature was obtained following ASTM C577 [12,13] with samples dried at 
110 ◦C. Moreover, the castable density was assessed according to ASTM 
C830-00 and the mechanical strength was obtained under three-point 
bending tests (ASTM C583-15) at a loading rate of 12.9 N/s. 

Fig. 1 shows the values measured for the thermal conductivity, 
whereas Fig. 2 shows the measured values and an extrapolation of the 
permeability as a function of temperature based on the results of hot air 
flow rate attained by Ribeiro [14,15]. A comprehensible explanation of 
the adopted procedure can be found in Ref. [4]. 

Furthermore, the resistance ratio parameter, ξ, was used to compare 
the local mechanical strength of the refractory as a function of tem
perature (σtri) with the triaxilly generated vapor pressure within the 
material (Pvmax ), which can be defined as: 

ξ =
Pvmax

σtri
(1) 

The values used for σtri were obtained based on a three-point bending 
test result, which was transformed into uniaxial mechanical resistance 
by using the Weibull modulus (m = 10.1, measured after curing for 24 h 
at 30 ◦C and drying for 24 h at 110 ◦C), and finally converted into the 
triaxial component via Hooke’s law [4]. The Weibull modulus was 
measured after testing 30 samples at the green state, and assuming ν =
0.15 based on former works for similar castables carried out by the 
research group. 

Fig. 3 shows every result for the conversion methodology. The black 
markers indicate the measured values, alongside the standard deviation. 
The blue ones present those values transformed into the uniaxial 
component and the red points indicate the final values of the conversion. 
The red line shows the interpolated continuous function that was used to 
compute the resistance ratio as a function of the temperature range. 

2.2. Numerical model 

The numerical model used in this work was based on Bažant et al. 
[16,17] and Gong et al. [18–20], in which a single fluid phase represents 
both liquid water and steam. The resulting system of equations was 
solved by the finite element method, conversely to other studies devel
oped recently that consider each fluid individually (dry air, water vapor, 
liquid water) [21,22]. 

Experimentally measured properties were inserted into the model 
aiming to evaluate a material as close as possible to a real one. Other 
properties needed by this system, which are not listed, were taken from 
an earlier work developed by the research group [23]. 

The numerical formulations are shown by Equations (2) (mass 

Fig. 1. Thermal conductivity for the 5CAC castable as a function of tempera
ture [4]. 

Fig. 2. Dynamic permeability values for the 5CAC composition [4].  

Fig. 3. Mechanical strength conversion showing the values of σ3p, σuni and 
σtri [4]. 
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balance) and 3 (energy balance). 

dw
dt⏟⏞⏞⏟
a.1

= ∇⋅
(

a
g
∇Pv

)

⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟
a.2

+
dwd

dt⏟⏞⏞⏟
a.3

(2)  

ρCp
dT
dt⏟̅̅̅⏞⏞̅̅̅⏟

b.1

= Ca
dw
dt⏟̅̅⏞⏞̅̅⏟

b.2

− Cw
a
g
(∇Pv⋅∇T)

⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟
b.3

+∇⋅(k∇T)
⏟̅̅̅̅̅ ⏞⏞̅̅̅̅̅ ⏟

b.4

(3) 

In Equation 2, (a.1) describes the variation in the free and adsorbed 
water with time, (a.2) the divergent of Darcinian flux and (a.3) the 
variation of chemically bound water with time. In Equation 3, (b.1) 
represents the variation of the thermal energy within the domain, (b.2) 
the energy consumed by water evaporation, (b.3) the thermal flux by 
convection and (b.4) the divergent of the Fourier flux. A more detailed 
description of the model used can be found in Ref. [5]. 

The boundary conditions on the heated surface describe the tem
perature as a function of time following a given drying profile. 
Convective and radiating effects on the thermal transfer at the cold 
surface, and the vapor transport on both sides were considered by Robin 
boundary conditions as described in Ref. [4]. 

All used properties are presented in Table 1. Some of them were 

taken from published works by Gong et al. [19], Moreira [23] and Santos 
et al. [24]. 

An open source finite element model framework, FEniCS, was the 
numerical tool used to solve the system of equations. For the input of the 
equations in the software code, the system had to be transformed in the 
weak formulation [26–29], as follows, 
∫

Ω

dw
dt

v1 dΩ +

∫

Ω

dẇ
dt

v1 dΩ −

∫

Ω

a
g

〈∇P,∇v1〉 dΩ

−

∫

Γ
Bw (Pv − Pven) v1 dΓ

= 0 (4)   

Furthermore, the simulation-specific parameters assumed a timestep 
of 15 s and a linear element on mono-dimensional mesh, while using a 
Newtonian solver for non-linear problems. 

2.3. Simulation setup 

Aiming to evaluate the use of a constant heating rate while drying the 
refractory castables, the following values were assumed for the heating 
schedules.  

1. Initial temperature: 25 ◦C  
2. Final temperature: 925 ◦C  
3. Continuous heating rates: 50, 75 or 100 ◦C/h 

The heating curve was built in such a way that it started at 25 ◦C, 
increasing linearly according to the selected heating rate up to the 
plateau temperature. It was then held for 30 h, and finally heated up 
with the same rate as before, up to the final temperature of 925 ◦C. 

The geometry of interest was the lining of a steel ladle, thoroughly 
described in Ref. [4], which was based in the work by Santos et al. [24]. 
The ceramic lining had four different layers: (I) working, (II) permanent, 
(III) insulating and (IV) metallic shell. Each of them had different 

Table 1 
Properties and parameters used in the model.  

Property Unity Value 

Density, ρ Kg m− 3 Measured 
Hydraulic Permeability, a m s− 1 Measured 
Thermal Conductivity, k W m− 1 K− 1 Measured 
Chemically Bound Water, wd Kg m− 3 Measured 
Sorpted Water (Free Water), w Kg m− 3 Adapted from [19] 
Specific Heat of Water, Cw J Kg− 1 K− 1 4100 
Adsorption Latent Heat, Ca J Kg− 1 K− 1 Adapted from [23,25] 
Thermal Exchange Coefficient, Bt W m− 2 K− 1 Adapted from [19] 
Mass Exchange Coefficient, Bw s m− 1 1 ⋅ 10− 6 

Environment Temperature, Ten 
◦C 25 

Environment Vapor Pressure, Pven Pa 2850 
Emissivity, ε – Adapted from [24]  

Fig. 4. Evaluated geometry, adapted from Ref. [24].  

∫

Ω
ρ Cp

dT
dt

v2 dΩ +

∫

Ω
k 〈T, v2〉 dΩ −

∫

Ω
Ca

dw
dt

v2 dΩ +

∫

Ω
Cw

a
g

〈Pv, T〉 v2 dΩ

−

∫

Γ
σ ε (T4

en − T4) v2dΓ + Bt (Ten − T) v2 dΓ = 0
(5)   
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thicknesses and were discretized in the model with a specific number of 
elements that can be found in Fig. 4. 

The materials properties for each layer can be found in Ref. [4]. The 
working layer was a 5CAC castable. The following ones, permanent, 
insulating and metallic shell were comprised of high alumina, insulating 
alumina and carbon steel, respectively. 

Based on the results of the former work [4], the authors decided to 
keep the values of both thermal conductivity and permeability as a 
function of temperature, as these are not only the most influential ma
terial properties in the drying model used, but also because results have 
shown the importance of carrying out the measurement of physical 
properties as close as possible to the reality. Additionally, they also take 
into consideration a likely representation of the dynamic effects of phase 
and microstructure changes during heating. 

Regarding boundary conditions, the heating curve was applied to the 
hot face of layer I, whereas the heat was released at the cold side of layer 
IV. As only layer I goes through the drying process, the permeability 
boundary conditions for the transport of moisture between such a layer 
was considered at the hot face, and between layers I and II. The latter is 
associated to the mass transport of vapor between the layers due to a 
non-perfect coupling at the lining interface. 

Moreover, at the initial stage of the simulations, the temperature and 
partial vapor pressure of water for every element was defined to be 25 ◦C 
and 2850 Pa, respectively. In addition, the initial free adsorbed water 
content was in equilibrium with these values for the entirety of the 
working layer. 

Fig. 5. Maximum resistance ratio (black), free adsorbed water (cyan), chemi
cally bound water (blue), heat-up curve (red) and minimum temperature (or
ange) for the working layer of 10 cm thickness as a function of time. Each graph 
describes the behavior for different plateau temperatures, ranging from 150 ◦C 
to 350 ◦C at a heating rate of 50 ◦C/h for the ramps. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 6. Maximum resistance ratio (black), free adsorbed water (cyan), chemi
cally bound water (blue), heat-up curve (red) and minimum temperature (or
ange) for the working layer of 20 cm thickness as a function of time. Each graph 
describes the behavior for different plateau temperatures, ranging from 150 ◦C 
to 350 ◦C at a heating rate of 50 ◦C/h for the ramps. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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2.4. Energy evaluation 

As one of the goals of this study was to evaluate the energy con
sumption to compare the heating curves for all drying studies, a method 
to compute this value out of the simulation results, was developed. 

The first approach was based on estimating the input flux in the hot 
face by integrating the heat flux (q) with respect to time and over the 
area of the surface, defining the input energy as Einput, 

Einput =

∫ tf

t0

∫

Γ
− k∇T dΓ dt (6) 

The second methodology computed the consumed energy via the 
individual energy components of each layer, based on the equations 

already presented earlier (Equations (2) and (3)). For the working layer, 
both thermal and moisture components were computed similarly to the 
first approach taken, whereas for the following layers, only the thermal 
component was calculated, as those were considered water-free mate
rials. The equations are described as 

Est =

∫ tf

t0

∫

Ω
ρCp

dT
dt

dΩ dt (7)  

Edc =

∫ tf

t0

∫

Ω
− Ca(T)

dW
dt

dΩ dt (8)  

where, Est is the total stored thermal energy within the monolithic lining, 
Edc is the consumed energy for the evaporation and desorption processes 

Fig. 7. Maximum resistance ratio (black), free adsorbed water (cyan), chemi
cally bound water (blue), heat-up curve (red) and minimum temperature (or
ange) for the working layer of 30 cm thickness as a function of time. Each graph 
describes the behaviour for different plateau temperatures, ranging from 150 ◦C 
to 350 ◦C at a heating rate of 50 ◦C/h for the ramps. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 8. Maximum resistance ratio (black), free adsorbed water (cyan), chemi
cally bound water (blue), heat-up curve (red) and minimum temperature (or
ange) for the working layer of 10 cm thickness as a function of time. Each graph 
describes the behavior for different plateau temperatures, ranging from 150 ◦C 
to 350 ◦C at a heating rate of 75 ◦C/h for the ramps. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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of water. Finally, the energy that exited through the cold face, Ecf, was 
also calculated for the last element of the mesh and added to the total 
consumed energy in the process, as shown by 

Ecf =

∫ tf

t0

∫

Γ
Bt(T)(Ten − T) − σϵ(T4

en − T4) dΓ dt (9)  

Etotal = Est + Edc + Ecf (10) 

For the third, and last, approach, the same values calculated for the 
former two methodologies were extracted as a heat flux value from 
within the simulation code by the specific FEniCS function (assemble()), 
which was then integrated in time in a similar way to the ones already 
described. 

These three methodologies were compared to check whether they 

yielded the same value or not. The authors assessed the difference 
among them, which were lower than 3% of error, showing that they 
were all similar. Thus, the most straightfoward method of computing 
was chosen which was the extraction of these values by the FEniCS 
function (third approach), as it required the lowest number of 
operations. 

3. Results 

Figs. 5–7 show the different results for each of the simulations car
ried out for three different castable lining thicknesses at a heating rate of 
50 ◦C/h. The profiles correspond to the resistance ratio, water content 
and temperature profiles as a function of time in the evaluated plateau 
temperatures. 

Fig. 9. Maximum resistance ratio (black), free adsorbed water (cyan), chemi
cally bound water (blue), heat-up curve (red) and minimum temperature (or
ange) for the working layer of 20 cm thickness as a function of time. Each graph 
describes the behavior for different plateau temperatures, ranging from 150 ◦C 
to 350 ◦C at a heating rate of 75 ◦C/h for the ramps. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 10. Maximum resistance ratio (black), free adsorbed water (cyan), 
chemically bound water (blue), heat-up curve (red) and minimum temperature 
(orange) for the working layer of 30 cm thickness as a function of time. Each 
graph describes the behavior for different plateau temperatures, ranging from 
150 ◦C to 350 ◦C at a heating rate of 75 ◦C/h for the ramps. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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It can be observed that, for the 10 cm thickness, there was no failure 
risk regardless of the plateau’s temperature, as it can be noted by all 
values of the maximum resistance ratio below the threshold of 0.8. The 
plateau at 150 ◦C was too conservative in this specific scenario, as the 
total time for complete dry out the free water content increased when 
compared to the plateau at 180 ◦C, without major differences for the 
resistance ratio levels. 

The likelihood of a shorter dwell time at 150 ◦C is highlighted when 
the working layer thickness increases to 20 cm, as this plateau temper
ature could not dry the free water completely. The same effect was also 
observed at 180 ◦C, although the final water content at the end of the 
plateau was not enough to increase the resistance ratio values above the 
limit. Although there was some residual pressure at the end of the pro
cess, it can be observed that the only source of water at this moment was 

a small quantity of a chemically bound one. This would not be enough to 
rise the pressure at risk levels, therefore it can be considered that the 
material was dried. For the 220 ◦C plateau, the behavior was very 
similar to the 10 cm thickness. Nevertheless, the extent of the obtained 
pressure plateau increased from nearly 4 h to about 15 h. For the plateau 
at 350 ◦C, the same behavior related to the occurrence of a pressure peak 
before the hot faces reached the holding temperature, was observed. 

None of the simulations completed the heating schedule safely when 
the thickness increased to 30 cm, as the maximum resistance ratio 
calculated exceeded the safety factor. Although the free water could be 
completely removed for 30 h plateaus above 200 ◦C, there was a pres
sure build-up from the release of chemically bound water at high tem
peratures, making them impractical to provide safe drying. The reason 
of the high pressure values was due to Antoine’s correlation which is 

Fig. 11. Maximum resistance ratio (black), free adsorbed water (cyan), 
chemically bound water (blue), heat-up curve (red) and minimum temperature 
(orange) for the working layer of 10 cm thickness as a function of time. Each 
graph describes the behavior for different plateau temperatures, ranging from 
150 ◦C to 350 ◦C at a heating rate of 100 ◦C/h for the ramps. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 12. Maximum resistance ratio (black), free adsorbed water (cyan), 
chemically bound water (blue), heat-up curve (red) and minimum temperature 
(orange) for the working layer of 20 cm thickness as a function of time. Each 
graph describes the behaviour for different plateau temperatures, ranging from 
150 ◦C to 350 ◦C at a heating rate of 100 ◦C/h on the constant heating rate 
sections. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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described by Equation (11), where Ps is the pressure of saturation, A, B, C 
and D are experimental fitting parameters for specific substance, and T is 
the temperature. As can be calculated the saturation pressure increases 
exponentially with the temperature, increasing the risks of failure. 

Ps = A ∗ 10

(

B− C
D+T

)

(11) 

For most of the results, the pressure levels at the plateaus were 
almost constant and similar to the ones for a heating rate of 50 ◦C/h, 
when the slope rates increased to 75 ◦C/h and 100 ◦C/h (Figs. 8–13). 

The simultaneous release of the free and chemically bonded water is 
an important effect that can be clearly observed for the dwell time at 
350 ◦C in Figs. 9, 10 and 13. The water vapor content increased, 

resulting in a higher and faster pressure build-up than observed when 
they were released separately. 

The independent withdrawal of these different moisture sources 
should be favored by designing new heat-up curves, mainly via two 
different temperature holding times. The selected temperatures should 
be lower than the ones of the decomposition of the binders’ hydrates, 
which is close to 350 ◦C for this specific castable. In this case, a first 
plateau at 180 ◦C can allow the drying of free adsorbed water while 
keeping the chemically bound one content nearly constant. Moreover, 
none of the simulations considering a thickness of 30 cm dried safely, 
suggesting that the drying of a material with such a thickness might 
require a longer plateau or a more complex heating curve. 

These highlights might not lead to different procedures than those 
carried out in practice, but as far as the authors are aware, the present 
methodology enables us to visualize and suggest likely novel dry-out 
curves assuring safety and shorter time. 

In parallel to the analysis of pressure build-up behaviour in the 
process, this study compared the energy efficiency associated to each of 
these heating curve cases analyzed. The energy efficiency is linked to the 
industrial goals of reducing environmental impacts and selecting the 
best heating curve has a great effect on the total energy consumption 

Fig. 13. Maximum resistance ratio (black), free adsorbed water (cyan), 
chemically bound water (blue), heat-up curve (red) and minimum temperature 
(orange) for the working layer of 30 cm thickness as a function of time. Each 
graph describes the behaviour for different plateau temperatures, ranging from 
150 ◦C to 350 ◦C at a heating rate of 100 ◦C/h on the constant heating rate 
sections. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 14. Energy consumption for all simulated cases gathered by the heat
ing rate. 
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and costs, especially on a steel ladle. 
The results for the energy consumption calculated for every case 

previously analyzed can be found in Fig. 14. 
It can be observed that the results followed a common trend, that can 

be described by: (i) the higher the heating rate, the lower the energy 
consumption as the heating time is shorter, (ii) the thicker the working 
layer, the more energy is used and, (iii) plateaus at high temperatures 
consumed more energy than those at lower ones as the material has to be 
kept in a hot environment for longer periods. 

These results cannot lead to a comparative basis on which the sce
nario fits best the industry goals. That is why a “curve selection meth
odology” was defined, which comprised three different steps that are 
described next. 

The first one evaluated the different curves checking whether or not 

the castable was completely dry at the end of the process. Herein, the 
definition of a dried material is reaching less than 5% of residual free 
and chemically bound water related to the total initial amount. These 
cases are shown in Fig. 15 by the markers that are outside the hatched 
area, which is the region where remaining water is above this threshold 
for each different source. The graph shows that none of the 30 cm 
thickness simulations passed the first selection step, and therefore, these 
cases would require a more complex heating method or a longer holding 
time to safely dry them, which is compatible with what was also 
observed in Figs. 7, 10 and 13. 

The second step tackled only the remaining profiles (outside the 
dashed area) and it evaluated whether their maximum resistance ratio 
crossed over the safety threshold of 0.8 (Fig. 16). After this step, only the 
30 cm thickness simulations were rejected, indicating that all the con
ditions where the castable thickness was 10 cm were safely dried. Then, 
there was one specific simulation in which the maximum resistance ratio 
was slightly under the threshold (heating rate of 75 ◦C/h, plateau tem
perature of 220 ◦C and thickness of 20 cm). Analyzing only the absolute 
value, it was below 0.8 but it should be carefully evaluated whether the 
end-users could decide or not to take that risk. 

Finally, the third step ranked the last group of cases according to the 
total energy consumption (Fig. 17). For the 10 cm thickness, the best 
options were using 100 ◦C/h heating rate and plateaus at 150 ◦C or 
180 ◦C. Whereas for 20 cm thickness, the optimal ones were 75 ◦C/h 
with the plateau at 220 ◦C or 50 ◦C/h with a plateau at 180 ◦C. As it was 
already discussed, the plateaus at 180 ◦C showed similar features as 
those at a lower temperature. Therefore, the latter would be selected for 
a thickness layer of 10 cm. Furthermore, the heating profile of the lowest 
energy consumption for the 20 cm cases was the one closer to the 
maximum resistance ratio threshold in Fig. 16, and the end-user could 
choose this case as its second best curve. 

The suggested methodology shows different steps in which the 
evaluated curves can be filtered out according to the fundamental con
cepts that matter in their final application. Although the selection pre
sented in this work excludes the evaluation of total heating time as a 
parameter, as most of them have the same total duration, this factor 
could also be considered by the end-user, thus proposing a more com
plex ranking system. In addition, the weights for each index could be 
defined differently depending on the requirements for a given 
application. 

Fig. 15. Step 1 of the selection methodology. The x-axis describes the 
normalized amount of free water at the last time step, whereas the y-axis shows 
the amount of chemically bound water at the same moment. The red hashed 
background indicates the region in which the simulation results do not fulfill 
the selection condition (residual water <5% of the initial value). The letter π 
indicates the temperature of the plateau. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 16. Step 2 of the proposed methodology. The simulations are listed from 
the lowest to the highest resistance ratio, with a threshold at resistance ratio of 
0.8 in order to define which simulations had safe drying. 

Fig. 17. Step 3 of the proposed methodology where the remaining heating 
profiles are ranked according to the energy consumption. 
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4. Conclusions 

This work answered the question “what are holding times for?” by 
proposing the analysis of different heating curves for drying a specific 
refractory material. The results showed that the temperature and the 
duration of the plateaus were of the greatest importance as they (i) can 
allow the release of free water and (ii) stabilize the pressure to a constant 
maximum value. The holding times at 150 ◦C were not as promising for 
this specific castable as only a 30 ◦C increase in this temperature allowed 
a much faster drying. A single plateau at 350 ◦C is not useful for lower 
thicknesses (10 cm) as the resistance ratio peak was already reached at 
the beginning of the dwell time. 

Increasing the castable wall thickness to values up to 30 cm requires 
longer holding times or even more complex curves than the ones pre
sented, as it was not possible to completely withdraw the moisture 
without risk of explosion. Yet, it was clear that for optimal heating, the 
separation of the withdrawal of water from free adsorbed (at a plateau 
near 180 ◦C) and chemically bound sources (temperature plateau in the 
300–350 ◦C) can be beneficial for a safer and faster drying. These more 
complex heating profiles will be investigated in future works of the 
research group. 

Finally, computing the total consumed energy during the entire 
process can allow the end-user to develop a more robust ranking system 
to choose the most suitable heating profile. In this case, the authors 
decided, in order, to check whether the material did not fail, if it was 
dried by the end of the process (5 wt% of both free and chemically 
bonded water) and consumed the least amount of energy. 
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