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1. Introduction

Global stainless steel production was 50.7million tons in 2018,[1]

whereas the most common process for refining stainless steel
is argon-oxygen decarburization (AOD).[2] Depending on the
steel grade, the amount of AOD slag produced is roughly
100–200 kg ton�1 of steel.[3] A significant amount of research
effort has been directed toward studying various aspects of
slag practice in the AOD process. Topics studied include the evo-
lution of slag composition[4–7] and physical properties[8] during
processing as well as the effect of slag on refractory wear,[9–11]

fluid flows,[12,13] bath mixing,[12,13] and vessel oscillation.[14]

The produced AOD slag needs to be cooled before further
utilization. During slow cooling, the AOD slag undergoes a
phase transformation of β-dicalcium silicate to γ-dicalcium
silicate at approximately 773–723 K (500–450 �C), resulting in
disintegration of the slag due to the associated 10–12% volume

expansion.[15] Consequently, different
chemical stabilization techniques have
been proposed.[16] Borate additions are a
well-known stabilization method,[16,17]

whereas nonboron additions such as
MgO, Al2O3, Fe2O3, BaO, K2O, P2O5, and
Cr2O3 have been reported to stabilize stain-
less steel slags.[16] Furthermore, the proper-
ties of the slag are affected by the cooling
method.[18–21] The simplest method for
AOD slag cooling is cooling in an ambient
atmosphere in a slag yard,[15] but other
methods, such as water cooling[22] or air-

granulation,[15] have been proposed for achieving a faster cooling
rate. The literature on modeling the cooling of AOD slags
remains scarce. Kriskova et al.[18] proposed a 1D model for cal-
culating the cooling rate of granulated AOD slag in a cooling
drum. Pandelaers et al.[23] studied the ambient cooling of a
multilayer slag bed with a numerical model and experiments.
Although the heat transfer associated with spray cooling has been
studied extensively,[24–27] there have not been any attempts to
model the evolution of the slag temperature during water cool-
ing. The aim of this article is to first study the cooling of slag in
an ambient atmosphere, and then to extend this approach for the
water cooling of slag.

2. Description of the Model

A single layer of slag is considered with a 1D model. This sim-
plification is justified by the fact that the width and length of
the slag layer are much larger than the height of the layer.[23,28]

The calculation domain consists of a base layer representing the
ground and a slag layer on top (see Figure 1). Both layers are
divided into 50 control volumes with equal height and additional
computational nodes set at the material boundaries.

The conservation equations are constructed according to the
finite volume method. The time integration of the equations is
conducted using the implicit Euler method, which is stable
with variable material properties, such as the heat capacity of
the slag. The discretized equation for slag top surface calculation
node in the case of air cooling is

ksðT1 � T surf Þ
0.5Δx

¼ αaðTamb � Tsurf Þ þ σrε
�
T4
amb � T4

surf

�
(1)

where ks is the heat conductivity of slag, T1 is the temperature of
the top cell, Tsurf is the surface temperature of the slag, Δx is the
cell spacing, αa is the heat transfer coefficient, Tamb is the
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Stainless steelmaking produces different types of slags which need to be cooled,
stored, and pretreated before further use. In current practice, the slag is cooled in
an air atmosphere, but water cooling has been envisaged to speed up cooling.
The aim of this article is to simulate the cooling of argon-oxygen decarburization
(AOD) slag under the conditions of ambient cooling and water cooling. The
effects of the thickness and initial temperature of the slag layer are also studied.
Finally, practical means to improve the cooling practice are evaluated based on
the model predictions.
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ambient temperature, ε is the emissivity, and σr is the Stefan–
Boltzmann constant. The first cell next to slag top surface is rep-
resented by

ksðTsurf � T1Þ
0.5Δx

þ ksðT2 � T1Þ
Δx

¼ ρsΔxcp;sðT1 � T1,oldÞ (2)

where T2 is the temperature of the cell next to slag top surface,
ρs is the density of the slag, cp,s is the specific heat capacity of
slag, and T1,old is the temperature T1 of the previous time step.
The cells inside the slag layer, the cell next to slag-ground
boundary, and the node at the boundary are represented by
Equation (3), (4), and (5), respectively.

ksðTi�1 � TiÞ
Δx

þ ksðTiþ1 � TiÞ
Δx

¼ ρsΔxcp;sðTi � Ti,oldÞ (3)

ksðTi�1 � TiÞ
Δx

þ ksðTb � TiÞ
0.5Δx

¼ ρsΔxcp;sðTi � Ti,oldÞ (4)

ksðTi�1 � TbÞ
0.5Δx

¼ kgroundðTb � T0,groundÞ
0.5Δx

(5)

where Ti�1 is the temperature of the previous cell (i� 1), Tiþ1 is
the temperature of the next cell (iþ 1), Tb is the temperature of
the boundary, kground is the heat conductivity of the ground, and
T0,ground is the initial temperature of the ground. The nodes and
cells at the ground layer are formulated similar to Equation (5)
with ground properties instead of slag properties. In the cases
studied in this article, the ground material is slag and the
properties are assumed to be equal. From the conservation
equations and derivatives in respect to all temperature variables,
a tridiagonal matrix is formed, and the solution is obtained by
the Thomas algorithm. The convergence was assessed in terms
of l2 norm, for which a criterion of l2¼ 10�8 was used.

2.1. Material Properties and Boundary Conditions

Phase transitions in the slag are taken into account in the model
via heat capacity. The specific heat capacity cp is extracted from
slag enthalpy calculations, which were executed with FactSage
version 7.2 and its FToxid and FactPS databases. Enthalpy

changes for an oxide system with a composition presented
in Table 1 were computed by assuming that the system consists
of themost stable phases at a given temperature, and consequently
relevant phase transformations are automatically accounted for.
Figure 2 shows the calculated enthalpy change and liquid fraction
of the slag as a function of temperature. The results indicate that
the slag remains partly liquid until 1090 ºC.

The physical properties used are shown in Table 2. The ther-
mal conductivity of slag varies not only as a function of its tem-
perature and composition but also as a function of the porosity of
the slag. The value of the thermal conductivity is expected to vary
between 0.5 and 2.5Wm�1 K�1.[29] A value of 1.25Wm�1 K�1

was found to give best results in the study of Pandelaers
et al.[23] for electric arc furnace and AOD slags. The effect of

Figure 1. A schematic illustration of the calculation domain.

Table 1. Slag composition considered in the enthalpy calculations.

Composition [wt%]

CaO SiO2 MgO Fe2O3 Cr2O3 Al2O3 TiO2 CaF2

53.6 26.6 7.7 1.0 1.0 1.9 0.5 7.7

Figure 2. Enthalpy change and liquid fraction of the slag as a function of
temperature.
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different values was studied and is illustrated later. For the sake of
simplicity, a constant value of slag density was used in the calcu-
lations. The slag density was estimated to be 2700 kgm�3,[29]

which is close to the value of 2650 kgm�3 used by Pandelaers
et al.[23] The ground below the slag layer consists of cooled slag,
with the same physical properties. The initial temperature of the
slag layer is set at 1873.15 K (1600 �C) and the ground at 293.15 K
(20 �C). A constant temperature of 293.15 K (20 �C) is used at the
lower boundary of the ground layer. At the slag top, a heat transfer
coefficient of 20Wm�2 K�1 was used for air cooling together
with an emissivity of 0.9 for radiation heat transfer. As an initial
approximation, the water droplet size was assumed to be 1mm.
As it will be shown later, the surface of the slag cools very rapidly
and consequently, the water droplet diameter has virtually no
effect on the predicted cooling rate of the slag.

The heat transfer coefficient at the upper surface can be
defined as

α ¼ q 00

Tamb � T0
(6)

where q 00 is the heat flux. In the case of water cooling, two models
for water sprays are used: a model from Yao and Cox[30] for small
water fluxes, and a model from Wendelstorf et al.[31] for larger
fluxes. In the model of Wendelstorf et al.,[31] the cooling effect
of water spray is described with a heat transfer coefficient as

α ¼ 190þ tanh
�
G
8

��
140G

�
1� GΔT
72 000

�

þ
�
3.26ΔT21� tanh

�
ΔT
128

��� (7)

where G is the water spraying rate and ΔT ¼ T surf � T l is
the temperature difference between the surface and the
water. Equation (7) is valid for T surf ¼ 200–1100 �C and

G¼ 3–30 kgm�2 s�1.[31] This model has been successfully
applied in numerical models for quenching applications.[32,33]

In the model of Yao and Cox,[30] the heat transfer efficiency
for water spray was expressed as the ratio of the heat transfer
rate to the theoretically maximal heat transfer rate

q 00 ¼ ϵ
h
GðΔhlg þ cp;lðT sat � T lÞ þ cp;vðT0 � T satÞÞ

i
(8)

ϵ ¼ 8� 10�7

�
WesT sat

ΔT

��0.62
þ 3.5� 10�3

�
WesT sat

ΔT

��0.2
(9)

where Δhlg is the latent heat of vaporization, cp;l is the specific
heat capacity of water, T sat is the saturation temperature of water
(boiling point), cp;v is the specific heat capacity of water vapor, and
Wes is the modified Weber number, which is defined as follows

Wes ¼
G2d
ρlσl

(10)

where d is the water droplet diameter and σ1 is the surface tension
of water. The model of Yao and Cox[30] (Equation (9)) is valid for
Tsurf¼ 300–800 �C and G¼ 0–50.5 kgm�2 s�1. Figure 3 shows
the predicted heat flux as a function of water flux with two slag
surface temperatures: 500 and 100 �C. It can be seen that the
model of Yao and Cox[30] tends to predict much lower heat fluxes
than the model of Wendelstorf et al.[31]

3. Results and Discussion

3.1. Model Verification

The model was tested with a simple case of a flat plate with con-
stant temperatures at both sides. The material properties were
chosen to correspond to the AOD slag, but with constant values.

Table 2. Physical properties employed.

Unit Slag Air Ground

Density kg m�3 2700[29] – Same as that of slag

Emissivity – 0.9 – –

Initial temperature K (�C) 1873.15 (1600) 293.15 (20) 293.15 (20)

Thermal conductivity Wm�1 K�1 1.25 – Same as that of slag

Ambient cooling

Convective heat transfer coefficient Wm�2 K�1 20

Water cooling

Droplet diameter of water spray M 0.001

Initial temperature of water K (�C) 293.15 (20)

Latent heat of vaporization of water J kg�1 2 257 000[36]

Boiling point of water K (�C) 373.15 (100)[36]

Surface tension of watera) Nm�1 0.07286[37]

Specific heat capacity of water vaporb) J kg�1 K�1 2080[38]

Specific heat capacity of liquid watera) J kg�1 K�1 4182[38]

Density of watera) kg m�3 998.21[38]

a)At 293.15 K (20 �C) and 1 atm; b)At 373.15 K (100 �C) and 1 atm.
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The initial temperature was set to 1600 �C and the boundary
temperatures to 20 �C. With the help of simplifications, a corre-
sponding case is possible to solve analytically for comparison.
The analytical result is given by the Fourier series solution.
The result from the implicit numerical model was compared
with the analytical solution in Figure 4, 5, 6. Figure 4 shows
the slag layer center temperature as a function of time.
Figure 5 shows the temperature profiles across the slag layer
at different times, whereas Figure 6 shows the temperature pro-
files as a function of time. The simulated result and the analytical
solution agree very well in all three figures.

3.2. Cooling with Ambient Air

In the case of cooling the slag in the yard without water, heat is
transferred to the atmosphere with convection heat transfer and
radiation heat transfer, of which radiation is much more effective
at high temperatures. The convective heat transfer coefficient

was estimated to be 20Wm�2 K�1. Conductive heat transfer
cools the slag from below.

A single simulation with a slag layer of 0.2 m and a thermal
conductivity of 1.25Wm�1 K�1 is shown in Figure 7, 8. Figure 7
shows that the surface of the slag layer cools much faster than the
center of the slag layer. Comparison with Figure 2 suggests that
the center part of the slag becomes solid only after 4.6 h. As
shown in Figure 8, the hottest part of the slag is slightly below
the center of the slag layer (–0.1m), which indicates that heat
transfer to ambient air is more efficient than heat transfer to
the ground below the slag.

To illustrate the effect of different values of thermal conduc-
tivity to the cooling times of slag, several cases are calculated until
the average temperature in the slag is 100 �C. As all the cells in
the slag phase have equal thicknesses, the average temperature
corresponds to the arithmetic mean of the cell temperatures.
The time required to reach the average temperature is shown
in Figure 9.

Figure 3. Heat flux as a function of water flux calculated using the correlations of Wendelstorf et al.[31] and Yao and Cox[30] with two slag surface
temperatures: 500 �C (left) and 100 �C (right).

Figure 4. Centerline temperature as a function of time in a test case
(ambient air cooling, slag layer height¼ 0.1 m).

Figure 5. Temperature profiles at different times in a test case (ambient
air cooling, slag layer height¼ 0.1 m).
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3.3. Water Cooling

The cases of water cooling were simulated in the samemanner as
air cooled cases, with an additional variable of the water spraying
rate (see Figure 10). Although water cooling cools the slag surface
efficiently with all the studied water feeding rates, there is not
much difference in the cooling times. However, in comparison
with air cooling, there is a clear difference. The slag thermal
conductivity is low and little water is required to cool the surface.
In any case, the cold surface has a limited effect on the cooling
speed. In practice, the water-cooled simulations give the maxi-
mum cooling rate for cooling a slag layer from the top surface.
For faster cooling, the slag layer should be broken to increase the
interfacial area between slag and water.

As for the utilization of solidified slags, a glassy amorphous
phase obtained with faster cooling is generally preferred to
crystallized mineral phases obtained with slower cooling. This
is due to the effect of degree of crystallinity on the solidified slag

Figure 6. Temperature profile as a function of time in a test case (ambient air cooling, slag layer height¼ 0.1 m).

Figure 7. Time evolution of slag temperature with k¼ 1.25Wm�1 K�1.

Figure 8. Ambient cooling temperature profiles as a function of time.

Figure 9. Cooling time from 1600 to 100 �C as a function of slag layer
thickness with different heat conductivities of slag.
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properties, such as reactivity, leaching, and conductivities.[21]

Furthermore, problematic phases, such as dicalcium silicate,
may form during the slower cooling of AOD slags and cause dis-
integration of larger particles into dust due to volumetric changes
related to mineralogical changes as temperature decreases.[34] If
the crystallization during the cooling cannot be avoided, i.e., the
cooling rate of the slag is not fast enough, the formation of the
most harmful minerals, such as dicalcium silicate mentioned
earlier, could be avoided by mixing different kinds of slags before
the cooling and thus directing the slag composition into an area
in which less harmful minerals are formed.[35] Generally speak-
ing, the amorphous structure is more easily obtained for slags
with higher SiO2 contents because the required cooling rates
for the basic slags are extremely high.[21]

4. Conclusions

A numerical model for slag layer cooling has been developed and
tested. The results show that slag cooling is a relatively slow pro-
cess due to the low thermal conductivity of slag. The use of water
sprays for enhancing the cooling rate has a significant but limited
effect: the inner part of the slag layer cools slowly, even with low
surface temperatures. For rapid cooling, the slag layer should be
very thin or broken into pieces.
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