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1  |   Introduction

Currently, one of the greatest world challenges is the in-
creasing demand for clean and renewable energy sources 
in order to avoid high CO2 emissions from burning fossil 
fuels.1 However, saving energy practices have also been an 

alternative solution for decreasing the energy demand, with-
out impairing the quality of people's life or the economic and 
technological development of our society.

Industries have always looked for those practices, as they 
consume over 50% of all produced energy according to the 
U.S. Energy Information Administration.2 Hence, steel, 
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Abstract
The lining design of steel ladles has a major impact on the performance of these met-
allurgical vessels. For instance, their better thermal performance is mainly related to 
the refractory materials applied in the lining, which requires continuous quality and 
cost optimizations. In this study, different refractory linings were investigated in order 
to understand their effect on the thermal performance of the steel ladle, that is, on the 
control of the average steel and shell temperatures, effect on the amount of stored 
energy in the refractory lining and on the cycling energy consumption. The influ-
ence of distinct configurations of insulating materials (position, thickness, and types) 
on those parameters was investigated by heat transfer simulations using numerical 
tools. The results pointed out the insulating materials efficiency on reducing the shell 
temperatures and increasing the average steel temperature. However, the benefits of 
applying the insulator with thicknesses over 21 mm or applying it at the bottom are 
less significant. The application of the foam insulator at unusual positions showed 
promising results, such as between the safety and working layer and at the hot face. 
The former position enhanced the performance during pre-heating whereas the latter 
significantly increased the steel temperature (34°C). Consequently, the study pointed 
out new designs for the project of steel ladle linings, improving their efficiency, tar-
geting solutions for saving energy, and reducing the environmental impacts.
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cement, glass, and ceramic industries operating high tem-
perature processes account for the largest shares of the total 
industry energy consumption. Because of that, they are con-
stantly searching for technological solutions and more effi-
cient materials to save energy, reduce costs, and minimize 
environmental impacts.3

Thermal insulating materials are always applied when-
ever there is a need to reduce the heat transfer and energy 
consumption. In steel plants, for instance, they are used in 
the refractory lining design of several pieces of equipment, 
such as the electric arc furnace, steel ladle, and RH degas-
ser, to reduce energy consumption and shell temperatures 
(improving the quality and safety of the working environ-
ment).4,5 Such thermal insulating materials are refractory 
ceramics designed to act as a thermal barrier for high tem-
perature processes, decreasing the heat flux generated by the 
temperature gradient between the inner part of the equip-
ment and the environment.

Based on that, the effective or total thermal conductivity 
(kef) of the insulator needs to be defined to account for the 
share of each heat transfer mechanism: conduction (kcond), 
convection (kconv), and radiation (krad).

6,7 Low kef values de-
pend on the microstructure and composition of the insulating 
material, which should also guarantee mechanical strength 
and thermal shock resistance.

Nowadays, most of the high temperature thermal insu-
lators available on the market comprise alumina and silica 
fibers or particulates, and their microstructures depend on 
different processing methods. The insulators containing 
ceramic fibers present very low thermal conductivity due 
to the high porosity of the fiber entanglement. Commonly, 
when blanket shaped, these materials are used at the cold 
face of metallurgical furnaces (between the dense refrac-
tories and metallic shell). When molded into rigid plates, 
they are applied at the hot face of conventional high-tem-
perature furnaces (no corrosive environments). The ther-
mal conductivity and stability of fiber insulators depend 
on the environmental conditions and their high sensitivity 
to the pressure that could compress the fiber structure and 
increase the contact points among the filaments, therefore 
increasing the effective thermal conductivity. Furthermore, 
the pores in their microstructure are large enough for heat 
transfer by radiation at high temperatures, and lastly, they 
might present drawbacks related to high toxicity.8 Hence, 
the application of fiberless insulators (ceramic foams) has 
been investigated and high-performance insulating mate-
rials using advanced methods, and microstructure simula-
tion have been studied.9 These latter insulators present low 
and stable thermal conductivity even at high temperatures 
(1,000°C), nontoxic processing routes and also the likeli-
hood of being applied in more aggressive environments (hot 
face of metallurgical vessels).10,11 On the other hand, the ef-
ficiency and durability of all insulators strongly depend on 

the mechanical, chemical, and thermal solicitations during 
use, as most of the failures are related to cracks associated 
to thermal shock, compressive loads, and very corrosive en-
vironments.12 In the steel industry, several installations have 
used insulating materials because of their benefits, such as 
for steel ladles.

Steel ladles are used to convey the molten steel from con-
verters or electric arc furnaces to continuous casting machines. 
They are also used as a versatile reactor for homogenization, 
deoxidation, desulphurization, chemical and temperature ad-
justments of steel grades.13 According to Lopes,13 the appli-
cation of thermal insulators between the safety layer and the 
shell (standard position) reduces the external temperature of 
the equipment, decreasing the energy losses to the environ-
ment and reducing the molten steel temperature drop during 
the secondary refinement. Liu et al14 and Li et al15 evaluated 
the insulator's benefits on the shell temperatures of a torpedo 
car and a steel ladle, respectively. Rahm16 also showed the 
advantages of insulating ladle lids which provides lower op-
erational costs as it increases the energy savings and the life 
of the refractory lining.

The importance of evaluating the thermal behavior of 
steel ladles is required for the precise control of the steel 
temperature and the operational conditions of the refractory 
lining.17 It also helps to find saving energy solutions, reduce 
materials consumption, improve productivity, and scale down 
environmental impacts.

However, there is a lack of studies in the literature explor-
ing the specific effects of different configurations of insulat-
ing materials, such as its thickness, lining position, or type 
(foam, fiber, etc.) on the steel ladle thermal state. Therefore, 
the present work proposes using a computational tool to es-
timate the energy and thermal profile of several lining con-
figurations, which are compared to elucidate all relevant 
effects, as reported in.17 The temperature gradient and energy 
consumption are calculated by modeling the ladle process 
via the finite element method (FEM). The model domain 
consists of the refractory lining (simplified) and the shell, 
whose contours assume boundary conditions close to the 
heat transfer phenomena acting in each step of the process. 
All heat transfer mechanisms (conduction, convection, and 
radiation) are considered to represent the ladle cycle. In this 
study, the ladle lining was represented as an axisymmetric 
geometry and its cycle was illustrated into four main steps.17 
The analyzed cases considered several lining configurations 
related to position, thickness, and type of thermal insulator. 
The ladle lining was also analyzed with a thinner working 
layer (representing a half-campaign scenario), assuming that 
the lining would have operated for approximately 60 cycles. 
The results highlighted the temperature and the heat flux in 
the refractory system, thus defining the amount of energy re-
quired in the process, as well as the likelihood for optimized 
configurations.
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2  |   METHODOLOGY

2.1  |  Materials

Steel ladles are generally designed using three layers of dif-
ferent materials: the working and safety ones comprising 
refractory materials with high to medium thermal conductivi-
ties, good mechanical properties and corrosion resistance at 
high temperatures, and the metallic shell that yields structural 
resistance to the ladle. The lining can also have an additional 
insulating layer, which is the object of study of the present 
work.

In the present case, the working and safety layer are 
composed of an alumina-magnesia refractory (> 85%wt 
Al2O3—Material 1) and a high-alumina refractory (> 70%wt 
Al2O3—Material 2), respectively, and the shell is made of 
a low-carbon steel (Material 6). These materials are usually 
applied in steel ladles, and their thermal properties (thermal 
conductivity and specific heat), density, and emissivity are 
shown in Table  1. The thermal conductivity of the refrac-
tory bricks was experimentally measured by the hot parallel 
wire, according to ISO 8894-2,18 including the foamed insu-
lator, identified as Material 3. The other insulating materials 
(Material 4 and Material 5) had their thermal conductivity 

T A B L E  1   Material properties considered in this study. Their general chemical class, usual application shape, producer, and lining location 
are presented

Materials
Density
(kg m−3)

Thermal conductivity
(W m−1°C−1)

Specific heat
(J kg−1°C −1) Emissivity

Material 1
Working layer
I
Alumina-magnesia brick
Alfrax F005
(Saint-Gobain)

25.8°C 3,090 14.38 156 0.9 28

238°C 7.31 600

492°C 5.08 682

744°C 4.23 713

997°C 3.77 735

1,196°C 3.51 848

Material 2
Safety layer
II
High-alumina brick
Mulfrax 1,400 C
(Saint-Gobain)

28°C 2,450 2.66 843 -

238°C 2.19 1,117

490°C 2.03 1,198

742°C 2.03 1,261

994°C 1.93 1,400

1,244°C 1.43 2,249

Material 3
Foam insulator
III
Alumina insulating 24

200°C 570 0.26 965 -

500°C 0.28 1,060

800°C 0.31 1,073

1,000°C 0.31 1,114

1,200°C 0.31 1,936

Material 4
Insulating castable
III
High-alumina castable
Alfrax 90 VIC
Saint-Gobain

600°C 1,150 19 0.37 19 1,154 19 -

800°C 0.40 19 1,190 19

1,000°C 0.40 19 1,215 19

1,200°C 0.40 19 1,230 19

1,400°C 0.46 19 -

Material 5
Fiber insulator
III
Alumina type SALI-2
ZIRCAR Ceramics’

400°C 510 20 0.25 20 1,047 20 -

600°C 0.27 20

800°C 0.31 20

1,200°C 0.38 20

1,400°C 0.43 20

1,650°C 0.48 20

Material 6 Shell
IV
Low-carbon steel

200°C 7,840 21 47.34 22 530  0.6 23

350°C 42.34 22 53922

500°C 37.35 22 66722
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collected from the technical datasheet.19,20 Material 4 was 
evaluated by the steady-state heat flux technique and the ther-
mal properties by means of the guarded-hot-plate apparatus 
(ASTM C177). On the other hand, Material 5 had its thermal 
conductivity measured by the calorimetry method (ASTM 
C201). The low-carbon steel thermal conductivity was based 
on the literature.21–23 The specific heat for the different ma-
terials was obtained from other publications (see Table  1), 
simulated thermodynamically based on their composition 
(FactSage—6.4 version), or determined by the hot wire ther-
mal diffusivity estimation, according to the equation:

in which, �αis the thermal diffusivity (m2 s−1), k is the thermal 
conductivity (W m−1 K−1), �is the sample density (kg m−3) e c 
is the specific heat (J kg−1 K−1). The emissivity and density of 
all other materials were obtained in the literature, also shown 
in Table 1.

The three investigated thermal insulating materials present 
different properties and final application. They can be pro-
duced using different raw materials and methods, such as air 
or gas incorporation, adding low-density compounds, vacuum 
pressing, or a combination of techniques.10,24,25 The use of ce-
ramic fibers has some disadvantages, such as shrinkage and 
densification at high temperatures, higher prices and might be 
toxic to human beings.26 Nevertheless, the insulator produced 
using small ceramic particles and gas incorporation enables 

the manufacturing of ceramic foams with a high amount of 
evenly distributed small and closed pores, resulting in a ma-
terial of lower and stable thermal conductivity at high tem-
peratures (above 1,000°C).26 The ceramic foam (Material 
3), which was produced by this technique, also shows good 
dimensional stability and very low toxicity. It can also be 
manufactured with a customized microstructure for different 
applications, which is essential criteria to minimize the heat 
transfer, increase the mechanical resistance, and ensure a via-
ble processing route.1,10,25

Thus, Material 3 was considered in all analyses where 
its thickness and lining position were changed. The other 
two insulators were investigated for comparative purposes: 
Material 4 is a high-alumina insulating castable, which pres-
ents high porosity and it is applied by vibration, and Material 
5 consists of a combination of polycrystalline alumina fi-
bers tightly bound into rigid plates, in a high-purity inor-
ganic mullite binder matrix. The thermal conductivities of 
the insulating materials are compared in Figure 1. It can be 
observed that, among the three materials, the ceramic foam 
(Material 3) presents the lowest variation in the thermal con-
ductivity with temperature (~16%) and the lowest values 
above 750°C. Conversely, the insulating castable presents an 
overall variation of 20% and the values increased with the 
temperature. The fiber insulating has a substantial increment 
in the thermal conductivity (48%) and the highest value at 
high temperatures. Those findings corroborate with what was 
previously mentioned about the better refractoriness of the 
ceramic foam.

(1)�=
k

�.c

F I G U R E  1   Thermal conductivity of 
different insulating materials (Material 3: 
foam; Material 4: castable; Material 5: fiber)
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2.2  |  Numerical model

In this study, the steel ladle cycle was simplified into four steps: 
heating, waiting (1 and 2) and holding. Figure 2 shows the time 
length of each step and how they were analyzed when compar-
ing the different refractory lining configurations. The method is 
a general representation of the process, which enabled the in-
vestigation and comparison between the application of different 
types of insulating layers in the thermal performance of steel la-
dles. Herein, the heat transfer equation was solved numerically 
to determine all temperatures in the ladle domain according to 
refractory lining and property.

The ladle geometry and parts considered are represented in 
Figure 3. During the steel ladle pre-heating step, the new lin-
ing internal surfaces are heated up. The burner located in the 
central part of the heater lid produces a single flame that trans-
fers heat mainly via radiation to the refractory, due to the high 
temperature of the combustion gases.27 At the waiting steps, 
the ladle loses heat by convection and radiation mechanisms 
through all surfaces (internal and external). At the holding step, 
the heat transfer in the ladle internal surfaces is associated to 
the molten steel natural convection, the wall angle, and the lon-
gitudinal temperature variation of the refractory surface.

The thermal behavior of materials can be estimated by 
solving the heat transfer equation (Equation 2), leading to 
results related to the temperature profile, the heat flux, and 
the amount of energy transferred in the investigated sys-
tems. The presented model aims to solve an axisymmetric 
heat transfer problem for the temperature T(r, z, t), by the 
equation below:

where ρ is the material density (kg m−3), c is the specific 
heat (J kg−1 ºC−1) and k is the thermal conductivity (W m−1 

ºC−1).15 The equation boundary conditions are described in 
Table 2 for the convection and radiation mechanisms, accord-
ing to each cycle step. The initial lining temperature and the 
room temperature was 40°C (Tenv). The air temperature inside 
the ladle (Tint) was considered constant at 600°C. During the 
holding step, the molten steel initial temperature was 1,650°C 
(average tapping temperature).

Moreover, the average steel temperature drop during the 
analysis (dTsteel/dt) was calculated considering the energy 
lost to the refractories for each time increment, as shown in 
Equation (3).

where ρsteel is the molten steel density (7000 kg m−3), csteel is 
the specific heat (627 J kg−1 ºC−1), V the steel volume (m3) 
and q (r, z, t) (J s−1 m−2) the heat flux in the ladle internal 
surfaces. The average tapping temperature is subjected to a 
temperature drop associated to the refractory lining during 
holding, which results in the teeming temperature at the end 
of the holding step.

Finally, the energy evaluation was carried out by integrat-
ing the heat flux, with respect to the surface of interest and 
time (t), according to Santos et al.17 Thus, the energy quan-
tity, E(t), is given by:

where S represents each surface (S1, S2, S3, S4) that 
transfers energy during the process. The energy losses at 
the top surface (border) are not considered in the energy 
balance.

(2)𝜌cṪ −div (k∇T)=0

(3)
dTsteel

dt
=−

1

�steelcsteelV ∫
S1US2

q (r,z,t) dS

(4)E (T)=
t∫

0 ∫
S

q (r,z,t) dS dt

F I G U R E  2   Schematic operational 
cycle of the steel ladle. The main steps 
are highlighted: pre-heating, waiting and 
holding
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2.3  |  Evaluated parameters

The investigation of the insulating layer on steel ladle lin-
ings aims to point out the influence of thickness, position and 
type of insulator on the average steel temperature drop at the 
end of the holding steps (energy consumption), the specific 
refractory consumption, the shell average temperature in dif-
ferent regions, the stored energy in the refractory lining, the 
average working layer temperature, and lastly, the hot face 
temperature change.

2.4  |  Study cases

An axisymmetric ladle geometry (Figure 3) was considered 
to evaluate the influence of the thickness of the thermal in-
sulating layer. This study investigated the performance of 
a new and a worn lining during the steel ladle cycle (see 
Figure 4 and Figure 5 for details of all configurations). The 
thickness of the insulating layer (Material 3) ranged from 
intervals of 7  mm to 14  mm, for the new and worn ladle, 
respectively. It started at 0 mm (configurations without the 

F I G U R E  3   Geometry of the steel 
ladle and flame model. The details show 
the material locations considered for lining 
models

Process steps Internal surface (S1 and S2) External surface (S3 and S4)

Heating �f �
1

(

T4

int
−T4

)

+hair (T)
(

T
int
−T

)

��
2
f
(

T4

env
−T4

)

+hair (T)
(

Tenv −T
)

Waiting 1 and 
Waiting 2

�f �
1

(

T4

int
−T4

)

+hair (T)
(

T
int
−T

)

Holding hsteel (T)
(

Tsteel −T
)

Note: N.B.: � is the Stefan-Boltzmann coefficient (� = 5,6,697 Wm−2 K−4); f the surface view factor; ε1, the 
emissivity of the working layer; ε1, the emissivity of the shell; Tint, the internal temperature of ladle; Tenv, 
the external environment temperature; Tsteel, the average steel temperature; h, the convection heat transfer 
coefficient (Wm−2 K−1).

T A B L E  2   Boundary conditions for 
each step of the ladle cycle
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insulating layer) to 84 mm (the whole safety layer is replaced 
by the thermal insulating material). Note that for the worn 
refractory lining, the thickness of the wall working layer 
was reduced by 84 mm (152 to 68 mm) and the bottom by 
100 mm (250 to 150 mm), in order to represent the lining 
condition after approximately 60 cycles (average wear ratio 
of 1.9 mm per cycle).

The configurations of the insulating layer applied at the 
bottom are described for new and worn ladle lining condi-
tions in Figure 5.

In addition, some particular configurations were also in-
vestigated, such as the application of a 21 mm insulating layer 
at the wall and at the bottom simultaneously; the effect of dif-
ferent types of insulators considering a 21 mm wall layer for a 

F I G U R E  4   Configurations 1–13 are for the new ladle and 1–8 for the worn lining, considering the application of an insulating layer at the 
steel ladle wall. W represents the thickness of the wall working layer and B the bottom working layer. X is the insulator's thickness

F I G U R E  5   Configurations 1–6 are 
for the new ladle and 1–4 for the worn one, 
considering the application of an insulating 
layer at the steel ladle bottom. W represents 
the thickness of the wall working layer 
and B the bottom working layer. X is the 
insulator's thickness
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new ladle; and non-usual positions of the insulator (between 
the safety and working layer and directly at the hot face).

3  |   RESULTS AND DISCUSSIONS

The molten steel temperature is an important process param-
eter during the ladle cycle as it influences the bath internal 
reactions and the bath-refractory interactions. The molten 
steel temperature has a strong correlation with the quality of 
the steel products. For instance, the teeming temperature is 
directly related to the production flow and it can be associ-
ated to the molten steel temperature in the tundish (end of 
the ladle cycle). The results presented evaluated the average 
steel temperature during the holding step, which represents 
the secondary refinement temperature drop from tapping 
from the BOF converter to teeming, as briefly described in 
the modeling section.

Figure 6 shows the average molten steel temperature as a 
function of each investigated thickness of the insulating layer, 
considering the application of the foam insulator (Material 
3). The temperature was analyzed for the last holding step 
after the sixth steel ladle cycle. In the plot, the green lines are 
related to the configurations in which the application of the 
insulating material is restricted to the wall and the blue ones 
only to the bottom region. A thicker insulating layer increases 
the average steel temperature, as the heat transfer between 
the bath and the lining is minimized. This is a consequence 
of the temperature difference between the bath and lining hot 
face, which is the driving force for convection, as shown in 

Table 2. In the cases of greater insulation (larger thicknesses), 
the working layer temperature increases due to the stronger 
thermal barrier induced by the lower thermal conductivity 
material (foam insulator) that reduces the bath energy losses.

Placing the insulating layer only at the wall or bottom re-
gion showed the same behavior, although the effect on the 
average molten steel temperature is more significant for the 
wall cases (green lines in Figure 6). The impact is less sig-
nificant at the bottom because the heat transfer is lower, the 
area is approximately 85% smaller, and the total thickness is 
164 mm higher. The insulating layer effect on the wall showed 
a non-linear variation in the average molten steel tempera-
ture, and the increase in the thickness is more effective for 
small values. Because of that, the benefits of duplicating the 
foam insulator's thickness are reduced. To illustrate this, the 
21-mm configuration raised the average steel temperature by 
9°C, whereas the 42-mm one (double thickness) increased 
by 13°C (in respect to the configuration with no insulation), 
which is only 50% more efficient.

Figure 6 also shows the effect of the insulating layer on 
the average steel temperature considering the worn lining 
(solid lines). For this condition, the working layer has 68 mm 
at the wall and 150 mm at the bottom (all other conditions 
are maintained). The reduction on the total thickness results 
in lower heat capacity of the lining and higher heat losses 
during the waiting steps, mainly by the internal surfaces. The 
consequences are lower temperatures on the hot face and lin-
ing before tapping the molten steel from the BOF. This will 
lead to greater heat transfer from the molten steel to the lin-
ing, in order to compensate the higher losses in all surfaces 

F I G U R E  6   Average molten steel 
temperature for different insulator's 
thickness (Material 3) applied only at the 
bottom (blue lines) and only at the wall 
(green lines) for a new (dashed line) and 
worn (solid line) ladle lining
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during the waiting step. However, it can also be seen that for a 
thicker wall insulator, the average steel temperature is higher 
for the worn configurations. The reason is that even though 
the heat losses increased, the ladle working capacity was in-
cremented by 34 tons, affecting the amount of initial thermal 
energy in the bath (volume V in Equation 3). Hence, the dif-
ferences in the average steel temperature throughout the ladle 
life are reduced for wall insulating thicknesses above 21 mm, 

if assumed that larger amounts of steel are being processed. 
The worn configurations that had the foam insulator applied 
at the bottom also reduced the average steel temperature, but 
the results were not significantly influenced for the same rea-
sons stated before.

As mentioned before, for the application of the foam in-
sulator at the wall, the 21-mm configuration raised by 9°C 
the average steel temperature when compared to the one with 

F I G U R E  7   Shell temperature for 
different insulator's thickness (Material 3), 
where the red lines represent the wall and 
the black ones, the bottom. The dashed 
and solid lines are for the new and worn 
configurations, respectively. Plot A shows 
the effect of applying the insulation only at 
the wall and plot B exclusively at the bottom 
region
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no insulation which represents approximately 50% of what 
is gained when using an 84-mm insulator. It also indicated 
smaller differences on the average steel temperature during 
the ladle cycle, which is certainly desired for better process 
control. Therefore, increasing the thickness of the insulating 
layer above 21 mm could incur higher costs and there is no 
guarantee of effectiveness throughout the production time.

The average shell temperature is presented for each con-
figuration (new and worn lining) in Figure 7. Based on the 
geometry and process conditions of the studied ladle, the 
increase of the insulating layer thickness lowered the aver-
age shell temperatures. Approximately, each additional mil-
limeter of insulating layer reduced by 2°C the average shell 

temperature. Replacing the safety layer material (high-alu-
mina) by a foam insulator (very low thermal conductivity) 
decreases the amount of transferred energy and consequently 
reduces the shell temperatures for the region where the insu-
lator was applied. The region without this material shows that 
the shell temperature slightly increases due to the preferred 
heat transfer (Figure 7).

One of the proposed configurations considered the applica-
tion of a 21 mm insulating layer on the wall and bottom linings 
simultaneously. In this case, the shell temperatures reduced in 
both regions, but the average steel temperature did not change 
significantly (1593°C for both regions to 1592°C for only at the 
wall). These results reinforce that adding an insulating layer at 

F I G U R E  8   Temperature profile for 
different thickness of insulating layers 
(Material 3): (A) at the beginning and (B) 
the end of the holding step. The profiles 
were obtained for the wall at 2.5 meters 
height from the bottom lining. The arrow 
indicates the increase in the insulator lining 
thickness
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the bottom affects only the average shell temperatures and it 
slightly influences the average steel temperature. Besides that, 
the higher ferrostatic pressure could reduce the bottom insula-
tor performance due to compression effects.

Increasing the thickness of the insulating layer minimizes 
the total lining mass, as the density of the foam insulator is 
much lower than the high-alumina brick, even though they 
present similar chemical composition. It indicates that light 
materials in steelmaking installations could reduce the spe-
cific refractory consumption and the heat transfer while 
processing the molten metal. Additionally, the lower lin-
ing mass also reduces its capacity to store energy (thinner 

high-alumina layer), as this energy will be preferably stored 
in the lining ahead of the insulating layer due to the thermal 
barrier imposed by the foam insulator.

Figure  8 highlights the temperature profile through the 
whole steel ladle wall, A) at the beginning of the holding 
step and B) after the holding step during the last cycle, for 
each investigated configuration (new lining). The results for 
the shell temperature correspond to what was stated before 
(Figure  7). Increasing the thickness of the foam insulator 
reduces the average shell temperatures. The comparison be-
tween the configuration with no insulation to the 84 mm one 
showed a temperature reduction of 179°C for the latter (and 

F I G U R E  9   Temperature differences 
between the (A) 21 and 0 mm and (B) 42 
and 21 mm insulating layer configurations. 
They were obtained for the wall at a height 
of 2.5 meters from the bottom lining
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80°C reduction if compared to the 21 mm configuration). At 
the working and safety layer, the thicker insulation increased 
the temperature profile and the inner surface temperatures.

The average hot face temperature was 122°C higher 
for the configuration with 84 mm compared with the one 
without insulation, at the end of the waiting steps. On the 
other hand, at the end of the holding step, although the hot 
face temperature showed the same behavior as the wait-
ing steps, the difference between the 84-mm configura-
tion and the one with no insulation was reduced to 20°C. 
The lower working layer temperature gradient is an ad-
vantage, as it can decrease a likely thermal shock failure. 
Nevertheless, the average operating temperature of the re-
fractory working layer becomes higher, which can result in 
higher creep and intensify the refractory corrosion closer 
to the hot face.

The temperature profiles for each time step in the last 
cycle were obtained for three insulator's thickness config-
urations: 0, 21, and 42  mm. By increasing the insulating 
layer thickness, the safety one was reduced, such as the 
same total lining dimension was maintained. In Figure 9, 
the temperature profile for each lining position is repre-
sented by the color gradient, highlighting the temperature 
difference between A) the 21 and 0 mm configuration and 
B) the 42 and 21 mm one. The red color indicates the posi-
tion and time in which the 21 mm (Figure 9A) and 42 mm 
(Figure 9B) configurations resulted in higher temperatures 
and the blue color the regions in which they were lower. 
The white color represents none or a very small temperature 
difference between the analyzed configurations. Increasing 
the foam insulator's thickness from 0 to 21 mm and from 
21 to 42 mm reduced the shell temperatures, on average by 
80°C and 30°C, respectively, as shown by the bluish colors 
in Figure 9.

The results showed an opposite trend for the working and 
safety layers, as they presented higher temperatures than the 
configurations with lower insulation (reddish colors—ap-
proximately 280 and 100°C in Figure  9A,B, respectively). 
This also implies higher stored energy in the lining, mainly 
after the waiting step, which will decrease the heat losses 
when the ladle is filled in with molten steel. The stored en-
ergy density is expressed as the total thermal energy in the 
lining, normalized by the wall and safety layer mass, which 
are the regions that kept the energy absorbed from the molten 
steel. As previously mentioned, for the analysis, the safety 
layer is reduced to increase the insulating one, decreasing the 
available mass to store energy and forcing the energy to be 
concentrated closer to the hot face. The higher energy den-
sity in the working and safety layer is directly related to the 
energy loss from the molten steel during the holding stage, 
as shown in Figure 10. It reduces the energy transfer from 
the steel bath to the lining, keeping the average steel tem-
perature higher (Figure 6). Besides that, the configurations 
ranging from 28 mm to 84 mm resulted in lower benefits per 
additional millimeter of foam insulator, which is an indicative 
that the working layer had been thermally soaked. This is also 
reflected on the non-linear behavior of the energy lost by the 
molten steel, seen in Figure 10.

The reduction in the molten steel energy loss when the 
foam insulator's thickness increases can be measured as a 
rate of energy losses per ton of steel produced (247 tons). 
The second column of Table 3 shows this data, where lower 
values indicate higher saving energy potential. The lower 
energy required to increase the average steel temperature 
during refining adjustments accounts as energy saving bene-
fits. Alternatively, it suggests that lower tapping temperatures 
could be implemented in practice. Extra energy supply for 
the ladle process is associated with an exothermic reaction 

F I G U R E  1 0   Stored energy 
normalized by the refractory mass (wall 
working and safety layers) before holding, 
plotted versus the molten steel energy loss 
during the holding step for different foam 
insulator thicknesses (Material 3)
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(aluminum addition) or electricity (ladle furnace—elec-
trodes), depending on the steel mill. Table  3 also summa-
rizes the results previously discussed, such as the average 
steel temperature, average shell temperature, lining weight, 
and stored energy density (before tapping) for each analysis´ 
configuration.

In Table 3, the effect of the insulator's thickness on the 
average temperature of the working layer (seventh column) 
is presented for the end of the holding step (values were ob-
tained at the middle of this layer 2.5 m height from the bottom 
lining). The increase on the average refractory temperature 
can indicate a higher likelihood of thermal, chemical, and 
mechanical damage, considering the materials properties, the 
magnitude of the temperature and pressure on the hot face. 

Increasing the insulating layer resulted in an increment of ap-
proximately 2°C on the average working layer temperature 
for each additional millimeter, which could be a disadvan-
tage for the configurations with a thicker insulating layer. The 
same discussion is held for the average insulator temperature, 
as its thickness increase also affects its average temperature 
during operation. The last but one column in Table 3 high-
lights that the average temperature increases for thicker insu-
lators, which could raise the damage likelihood (ie, creep) of 
the material, downgrading its efficiency as a thermal barrier.

Moreover, the temperature variation at the hot face of the 
lining between the end of the waiting step and the start of tap-
ping (last column in Table 3 and Figure 8) was investigated. 
Increasing the thickness of the insulating layer minimizes 

T A B L E  3   Comparison between the new and worn lining of steel ladle for different insulating layer thickness

Configurations

Energy 
loss 
during 
hold 
KWh/t

Molten steel 
temperature 
(°C)

Average shell 
temperature 
(°C)

Lining 
mass 
(ton)

Stored 
energy 
(KWh/ton 
refractory 
I-II)

Average 
temperature 
of the 
working layer 
(°C)

Average 
temperature 
of insulating 
layer (°C)

Variation of 
temperature 
in the hot face 
(°C)

New ladle

0 mm 11.6 1583 402 71.7 213 1,172 - 777

7 mm 10.9 1587 370 70.9 219 1,216 512 753

14 mm 10.4 1,590 346 70.2 226 1,247 542 736

21 mm 10.1 1692 327 69.4 233 1,270 564 725

28 mm 9.8 1594 310 68.7 241 1,389 582 716

35 mm 9.5 1595 296 67.9 248 1,303 597 709

42 mm 9.3 1596 284 67.2 257 1,316 655 703

49 mm 9.2 1597 273 66.4 265 1,327 662 698

56 mm 9.0 1598 263 65.7 275 1,336 668 694

63 mm 8.9 1599 254 649 285 1,344 692 690

70 mm 8.8 1,600 247 64.2 295 1,351 714 687

77 mm 8.7 1,600 239 63.5 307 1,359 717 683

84 mm 9.6 1601 233 62.7 319 1,366 720 680

Worn ladle

0 mm 12.1 1,580 426 56.8 254 1,371 - 835

14 mm 10.5 1,590 361 55.3 298 1,427 517 775

28 mm 9.7 1594 320 53.8 321 1,455 647 746

42 mm 9.2 1597 291 52.3 336 1,475 723 728

56 mm 8.9 1599 270 50.8 347 1,492 751 715

70 mm 8.6 1601 252 49.3 354 1513 808 712

84 mm 8.2 1603 238 47.8 357 1535 823 728

Note:  Working layer;  Safety layer;  Insulator; shell
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the temperature variation on the hot face (working layer). 
The molten steel is tapped into the ladle at 1,650°C on av-
erage and, if this condition is maintained, the configurations 
with thicker insulators would be subjected to a lower tem-
perature variation at the hot face, reducing the probability of 

damaging by thermal shock. Again, the benefits of reducing 
the temperature variation are more significant for thicknesses 
up to 28 mm.

Other scenarios were explored besides the usual position 
of the insulating layer (between the shell and safety layer). 

F I G U R E  1 1   Temperature difference between the standard position and the one in which the insulating layer (III) is placed between the 
safety (II) and working layers (I), in the first cycle

F I G U R E  1 2   Temperature difference 
between the standard and hot face position 
for the insulating layer (III), in the first cycle
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One analysis considered applying a 21 mm insulating layer 
at the wall between the working and safety layers, and the 
other directly at the hot face (as an “insulating coating”). 
The two scenarios considered the application of the foam 
insulator (Material 3), and they are less usual. However, 
they can point out optimized conditions or sometimes rep-
resent the reality of some steel mills or other metallurgical 
processes.

Based on such scenarios, Figure 11 shows that there are 
no significant temperature differences at the wall between 
the configurations with 21 mm at the usual position and the 
one between the working and safety layer. On the other hand, 
the safety layer (II) becomes significantly cooler as it is now 
positioned behind the insulating layer (III). Another advan-
tage of this configuration is associated with the pre-heating 
step. Moving the thermal barrier closer to the hot face im-
proves the heating of the working layer (reddish color in the 
pre-heating stage in Figure 11) because the energy used to 
heat up the safety layer is also absorbed by the working one.

If the 21  mm insulating layer configuration was posi-
tioned at the hot face, acting similar to a low thermal con-
ductivity coating, the lining temperatures would significantly 
change, as shown in Figure 12. The working layer tempera-
tures decrease by approximately 650°C, whereas the safety 
layer temperatures, around 300°C, and there are no consid-
erable changes in the shell thermal condition. The applica-
tion of porous materials in contact with molten metals is 
not a common practice in steel mills (even though it is more 
usual in foundries), because in general they would present 
low durability, low corrosion resistance and low mechanical 
integrity. However, studies in the literature have shown that 
microporous materials with low thermal conductivity could 
stand corrosive environments in contact with molten steel 
and slags, when properly designed to reduce the wettability 

by those liquids 3. Other studies highlighted strategies to also 
improve the mechanical resistance and thermal conductivity 
of insulators by correctly establishing the processing route 
and parameters 10,25. Besides all restrictions, this scenario 
was evaluated only by thermal and energy aspects and it has 
shown that the average temperature of the molten steel after 
the holding step would be 1617°C, which means 34°C higher 
than the configuration with no insulation, and 25°C higher in 
comparison with the one with 21 mm at the usual position.

Lastly, different types of insulating materials (foam insu-
lator, insulating castable, and fiber insulator) were investi-
gated considering their regular placing position in the steel 
ladle practice. Figure 13 shows the temperature profile at the 
end of the holding step for each of the materials evaluated. 
The shell temperatures were lower for the fiber insulator 
(330°C), which is related to its lower thermal conductivity of 
Material 5 (see their differences in Figure 1) for temperatures 
below 750°C (this is the maximum average temperature of 
the insulating layer during the process on the default position. 
The foam insulator (Material 3) and the insulating castable 
(Material 4) increased by 4 and 20°C, respectively, the aver-
age shell temperatures when compared to Material 5. They 
do not show any considerable changes for the average molten 
steel temperatures: 1592, 1591, and 1593°C, for Materials 3, 
4, and 5, respectively. For a full view of the potential results 
presented in this work, other aspects should also be consid-
ered, such as cost, durability, mechanical resistance, toxicity, 
dimension, stability, and installation process.

4  |   CONCLUSIONS

Research on the application of insulating materials in steel 
ladle linings are of great importance, especially when 

F I G U R E  1 3   Temperature profile 
considering the different types of insulators 
at the end of the holding step. Inset A shows 
the hot face and B the shell temperatures
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searching for thermal solutions in steelmaking. Despite the 
complexity, considering the high number of parameters that 
influence the thermal state of the ladle, it is fundamental to 
better understand the heat transfer in the process and to pros-
pect novel and optimized lining designs, regarding the ap-
plication of refractory and thermal insulator in the steel ladle 
lining.

Many steel industries do not use insulating materials for 
ladle linings, even though their application could result in a 
better performance. In this publication, the results stated the 
effectivity of these materials not only on reducing the shell 
temperatures, but also on increasing the average steel tem-
perature that could account for energy savings. The gains 
of the insulator's thickness over 21 mm are less significant, 
pointing out that larger thicknesses could lead to higher 
costs.

The application of the insulator only at the wall is much 
more effective than applying it at the bottom. However, wher-
ever the insulator layer is applied, the shell temperatures are 
significantly reduced. The insulating layer at the wall resulted 
in higher average steel temperatures than when at the bottom, 
whereas the shell temperatures still decreased at the bottom 
region when considering such configurations. In both cases, 
one could expect higher working temperatures of the refrac-
tory layers and lower temperature changes on the lining be-
tween the holding and waiting steps.

When considering the relative order of each layer regard-
ing the standard position (ie, between the safety layer and the 
shell), the distinct types of insulating ceramics showed small 
differences on the ladle thermal profile. Nevertheless, the ap-
plication of the foam insulator at less usual positions in the 
wall, between the safety and working layer and at the hot face, 
showed clearer effects. The first resulted in lower energy 
gains compared to the standard configuration but showed 
good performance during pre-heating. Conversely, the sec-
ond changed the ladle thermal condition significantly and in-
creased the molten steel temperature by approximately 34°C, 
which is a considerable energy saving scenario. The applica-
tion of foam insulators in direct contact with molten steel and 
slag during the ladle refinement is a disruptive technique, but 
such technologies would be soon a reality, as they have been 
applied in other industries with a better performance.

ACKNOWLEDGMENTS
The authors are grateful to F.I.R.E, Federal University of 
São Carlos, Material Microstructure Engineering Group, 
University of São Paulo and Saint-Gobain Brazil.

ORCID
Maria Gabriela Garcia Campos   https://orcid.
org/0000-0003-0819-8464 
Matheus Felipe Dos Santos   https://orcid.
org/0000-0003-0812-3067 

REFERENCES
	 1.	 Vivaldini DO, Mourão AAC, Salvini VR, Pandolfelli VC. 

Review: Fundamentals and materials for the microstructure de-
sign of high performance refractory thermal insulating. Cerâmica. 
2014;60(354):297–309.

	 2.	 U.S. Energy Information Administration. Annual energy outlook 
2017 with projections to 2050 [Internet]. Vol. 44. 2018; 1–147. 
Available from: https://www.eia.gov

	 3.	 Abdelaziz EA, Saidur R, Mekhilef S. A review on energy sav-
ing strategies in industrial sector. Renew Sustain Energy Rev. 
2011;15(1):150–68.

	 4.	 Hubble DH, Russell RO, Vernon HL, Marr RJ. Steelmaking refrac-
tories. AISE Steel Found. 1998;3:227–90.

	 5.	 Garbers-craig AM. Presidential address : How cool are refractory 
materials ? J South African Inst Min Metall. 2008;108:1–16.

	 6.	 Tritt TM. Thermal Conductivity: Theory, Properties and 
Applications. New York: Kluwer Academic/Plenum Publishers; 
2004:239–50.

	 7.	 Litovsky E, Shapiro M, Shavit A. Gas pressure and temperature 
dependence of thermal conductivity of porous ceramic materials: 
part 2, refractories and ceramics with porosity exceeding 30%. J 
Am Ceram Soc. 1996;79:1366–76.

	 8.	 Akamine S, Fujita M. Controlling heat radiation for develop-
ment of high-temperature insulating materials. J Eur Ceram Soc. 
2014;34(15):4031–6.

	 9.	 Pelissari PIBGB, Angélico RA, Salvini VR, Vivaldini DO, 
Pandolfelli VC. Analysis and modeling of the pore size effect on 
the thermal conductivity of alumina foams for high temperature 
applications. Ceram Int. 2017;43(16):13356–63.

	10.	 Salvini VR, Lasso PRO, Luz AP, Pandolfelli VC. Nontoxic pro-
cessing of reliable macro-porous ceramics. Int J Appl Ceram 
Technol. 2016;13(3):522–31.

	11.	 Peaslee KD, Sander TP, Smith JD, Lekakh SN et al Efficiency 
in steel melting: Ladle development. In: Proceedings of the 59th 
SFSA T&O Conf. 2005;11:1–12.

	12.	 Vivaldini DO. Engenharia de microestrutura de cerâmicas po-
rosas, Master Thesis. Sao Carlos: Universidade Federal de São 
Carlos.2013.

	13.	 Lopes HLP. Modelo para previsão da condição térmica de panelas de 
aciaria, Master Thesis. Universidade Federal de Minas Gerais. 2007.

	14.	 Liu SW, Yu JK, Han L, Li ZQ, Yan ZG. Thermal insulation perfor-
mance analysis of nanoporous thermal insulating materials applied 
in torpedo ladle. Mater Res Innov. 2014;18:250–4.

	15.	 Li G, Liu J, Jiang G, Liu H. Numerical simulation of temperature 
field and thermal stress field in the new type of ladle with the nano-
meter adiabatic material. Adv Mech Eng. 2015;7(4):1–13..

	16.	 Rahm C, Kirschen M, Kronthaler A. Energy savings through ap-
propriate ladle lining concepts. RHI Bull. 2008;1:38–43.

	17.	 Santos MF, Moreira MH, Campos MGG, Pelissari PIBGB, Sako 
EY, Sinnema S et al Enhanced numerical tool to evaluate the steel 
ladle thermal losses. Ceram Int. 2018;44:12831–40.

	18.	 ISO 8894-2 Refractory materials — Determination of thermal con-
ductivity, International Standard Organization. 2007.

	19.	 Technical Datasheet ALFRAX 90 VIC. Saint-Gobain Ceramics. 
2012;1–3.

	20.	 Technical data bulletin: Alumina type SALI-2, ZIRCAR Ceramics 
[Internet]. Nova York: ZIRCAR Ceramics; 2016;1–2.

	21.	 Density of Steel - The Physics Factbook [Internet]; 2017 [cited 
2017 Dec 10]. Available from: https://hyper​textb​ook.com

https://orcid.org/0000-0003-0819-8464
https://orcid.org/0000-0003-0819-8464
https://orcid.org/0000-0003-0819-8464
https://orcid.org/0000-0003-0812-3067
https://orcid.org/0000-0003-0812-3067
https://orcid.org/0000-0003-0812-3067
https://www.eia.gov
https://hypertextbook.com


      |  129CAMPOS et al.

	22.	 Bailey C. Carbon steel thermal properties. One stop shop 
in structural fire engineering [Internet]. University of 
Manchester. 2017 [cited 2017 Dec 15]. Available from: http://
www.mace.manch​ester.ac.uk/proje​ct/resea​rch/struc​tures​/struc​
fire/mater​ialIn​Fire/Steel​/HotRo​lledC​arbon​Steel​/therm​alPro​
perti​es.htm

	23.	 Paloposki T, Liedquist L. Steel emissivity at high temperatures. 
VTT Tech Res Cent Finl SP Swedish Natl Test Res Inst [Internet]. 
2005;2299:3–81. Available from https://www.vtt.fi.

	24.	 Salvini VR, Luz AP, Pandolfelli VC. High temperature Al2O3 
-CA6 insulating foamed ceramics: Processing and properties. 
Interceram- Int Ceram Rev. 2012;61(6):335–9.

	25.	 Salvini VR, Luz AP, Pandolfelli VC. Foam sprayed porous insulat-
ing refractories. Refract WorldForum. 2012;4:93–7.

	26.	 Schumann M, San-Miguel L. Fiber-Free ceramic insulation foam 
for highest temperatures – a new generation of HSE-friendly 

refractory products with multiple application possibilities. Refract 
WorldForum. 2017;8(2):1–6.

	27.	 Glaser B, Görnerup M, Sichen D. Thermal modelling of the ladle 
preheating process. Steel Res Int. 2011;82(12):1425–34.

	28.	 Mikron Instrument Company. Table of emissivity of various sur-
faces [Internet]. Schaffhausen. 2014;1–10. Available from: http://
www.czlaz​io.com

How to cite this article: Campos MGG, Dos Santos 
MF, Moreira MH, Angélico RA, Sako EY, Pandolfelli 
VC. Holistic view of the insulating layer on the thermal 
efficiency of a steel ladle lining. Int J Ceramic Eng Sci. 
2020;2:113–129. https://doi.org/10.1002/ces2.10043

http://www.mace.manchester.ac.uk/project/research/structures/strucfire/materialInFire/Steel/HotRolledCarbonSteel/thermalProperties.htm
http://www.mace.manchester.ac.uk/project/research/structures/strucfire/materialInFire/Steel/HotRolledCarbonSteel/thermalProperties.htm
http://www.mace.manchester.ac.uk/project/research/structures/strucfire/materialInFire/Steel/HotRolledCarbonSteel/thermalProperties.htm
http://www.mace.manchester.ac.uk/project/research/structures/strucfire/materialInFire/Steel/HotRolledCarbonSteel/thermalProperties.htm
https://www.vtt.fi
http://www.czlazio.com
http://www.czlazio.com
https://doi.org/10.1002/ces2.10043

