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According to parameters of the refining ladle with argon bottom blowing, the mathematical
model describing the erosion behavior of ladle lining materials was established, the flow process
of molten steel and thermal transmission of ladle lining were coupled, and the erosion of ladle
lining in the condition of blowing argon at the bottom was researched. It has been found that
either single or double blowing is applied, the larger erosion rates are mainly distributed in the
slag line and the area of ladle lining near purging plugs, and the erosion is accelerated with the
gas flow rate increasing, so the areas with higher erosion rates of the lining should be enhanced
to avoid early partial damage. The erosion rate of ladle lining with double blowing is larger and
the distribution of erosion is obviously different as the gas flow rate is increasing; serious erosion
areas are in the slag line region and the higher erosion areas are concentrated on the slag lining
and extended toroidally. And, as the distance between the purging plug and the lining of ladle is
shortened, the partial erosion is easy to deteriorate and the refractories in the area with higher
erosion rate need specialized selection and design. Meanwhile, the purging plug should be
located away from the lining wall under the condition of good blowing effect in order to avoid
increasing of the partial erosion and shortening of the lining service life.

DOI: 10.1007/s11663-013-9805-0
� The Minerals, Metals & Materials Society and ASM International 2013

I. INTRODUCTION

THE wear of refractories in ladle lining is a complex
physical and chemical process; it was affected by many
factors which influence each other. The molten steel in
the ladle was stirred by blowing gas through the purging
plug in the refining process, the lining refractories were
eroded more severely, and its service life was shortened
significantly.[1] The wear of lining refractories in the
refining ladle mainly includes chemical corrosion,
mechanical damage, and erosion of molten steel.[2] The
chemical corrosion of refractories was mainly studied by
slag corrosion experiments and microscopic analysis.[3]

In recent years, the corrosion rate of refractories, which
is considered primarily to be controlled by the diffusion
process, was simulated by calculating the transfer rate of
the reaction products in molten steel,[4] and the thermo-
dynamic model of chemical reaction between refractory
and slag was established to simulate the slag corrosion
rate of refractories.[5] The mechanical damage of refrac-
tories could be analyzed by thermal stress calculation
and crack propagation.[6] With the application of
carbon and zirconium refractories, the slag corrosion

resistance and thermal shock resistance of ladle lining
have been enhanced. So, the erosion of molten steel has
been gradually given more attention[7,8] and the effect of
steel flow on refractory erosion was significant, which
has been confirmed by a water model experiment.[7] But,
the physical modeling for a real high temperature
process was very difficult to establish and implement,
and the numerical simulation of the erosion was mainly
limited in the analysis of shear stress on the refractory
wall[8] or simple numerical calculating by defining a fluid
erosion factor according to empirical data.[9,10]

The refining ladle was under the harsh conditions of
high temperatures and the molten steel includes lots of
inclusion particles,[11,12] which has a major impact on
the materials’ erosion and sometimes plays a major
role.[13] The service life of ladle lining was significantly
short in refining conditions; especially the partial refrac-
tories in the ladle were severely damaged in the stirring
process. Obviously, the erosion of molten steel with lots
of inclusions played an important role in the accelerated
wear of refractories. In this paper, based on computa-
tional fluid dynamics, the comprehensive effect of
molten steel and inclusion particles on refractory ero-
sions was considered, the erosion prediction model of
refractories for ladle lining was established, and the
erosion characteristics of the refining ladle lining with
application of purging plug were studied. The optimi-
zation and design of the refining ladle with bottom
blowing can consider both application parameters of
purging plug and refractory erosion and provide the
theoretic basis for optimization and design of working
lining in refining conditions.

AO HUANG, Associate Professor, HUAZHI GU, Deputy
Director, Professor, MEIJIE ZHANG, Professor, TING WANG,
Postgraduate, and YANG ZOU, Postgraduate, are with the State Key
Lab Breeding Base of Refractories & Ceramics, Wuhan University of
Science & Technology, Hubei 430081, Wuhan, P.R. China. Contact
e-mail: huangao@wust.edu.cn NING WANG, Deputy Director,
Senior Engineer, is with the Steelmaking Plant, Baosteel Co., Ltd.,
Shanghai 201900.

Manuscript submitted March 20, 2012.
Article published online February 12, 2013.

744—VOLUME 44B, JUNE 2013 METALLURGICAL AND MATERIALS TRANSACTIONS B



II. PHYSICAL DESCRIPTION

As shown in Figure 1, the selected refining ladle with
bottom blowing can contain 300 tons of molten steel,
the working lining was mainly composed of corundum
refractories, and the bottom radius of the ladle was
denoted by R. One or two purging plugs, the locations
of which were based on water modeling experiments and
the selected gas flow rates of which were actual values
from a steel plant, were applied to stir the molten steel.
The main parameters of steel-argon system are shown in
Table I.

III. MATHEMATICAL MODEL

A. Multiphase Flow

A three-dimensional, steady, turbulent bubbly flow in
the ladle was simulated using the Eulerian–Eulerian
two-phase flow model in which molten steel was
considered as the primary phase and gas as the
secondary phase. The continuity and momentum equa-
tions for each phase were solved together with the
standard k-e turbulent model for molten steel. The
porous media model was used for gas flow through
the purging plug.[14] Inclusion trajectories were calcu-
lated using the discrete phase model (DPM) which
solved a transport equation for each inclusion particle as
it traveled through the previously calculated, steady-
state flow field of molten steel and argon gas. The detail
equations and boundary conditions are the same as in

Reference 15.

B. Erosion of Molten Steel

The refractory erosion at high temperatures can be
regarded as plasticity erosion. When the molten steel is
poured toward the surface of the refractories, it causes
many pits of short cutting and plastic deformation and
leads to wear in the case of repeated plastic deformation.
The shearing stress was generated due to the relative
movement between molten steel with high speed and
refractory materials; the surface of the refractory
materials was constantly torn and peeled off. The
stirring of partial molten steel was exacerbated by the
turbulent flow and the erosion was enhanced.

Therefore, according to a quantitative analysis
method for erosion,[16] the shearing stress s and turbu-
lence intensity I were both considered and the erosion
rate of the refractory by molten steel, which was

expressed by the loss of the refractories’ thickness per
unit time, was fitted to the following equation:

Hst ¼ fðs; IÞ ¼ �2:061� 10�13ðs � IÞ2 þ 2:642

� 10�7ðs � IÞ þ 5:636� 10�4;
½1�

where Hst is the erosion rate of molten steel, mm h�1; s
is the shearing stress, Pa; and I is the turbulence
intensity.

C. Erosion of Inclusion Particles

Because the molten steel in the ladle includes inclusion
particles, which flow together with the molten steel, the
erosion on the refractories was a two-phase erosion of
solid and liquid. The two main erosion models of
materials are brittle erosion and plastic erosion;[17] at
room temperature or low temperature, materials show a
typical brittle characteristic. In high temperature condi-
tions, materials show clear plastic features,[18] while
cutting is the main form of erosion. A large number of
studies[18,19] show that erosion of solid particles is
mainly concerned with the erosion angle, impact rate,
and the nature of the material. The maximum erosion
rate of brittle materials occurs near 90 deg, while the
maximum erosion rate of plastic materials occurs near
20 to 30 deg of the erosion angle.
The Johnson–Cook model was used to describe the

erosion character of inclusion particles in molten steel;
the following Semi-empirical correlation formula was
used to calculate the erosion rate of refractories:[19]

where Einc is the loss of lining quality per unit quality of
inclusions, g kg�1; Vs is the impact rate of inclusion
particles, m s�1; a is the erosion angle, degree; d is the
particle size, lm; and q is the refractory porosity, pct.
To facilitate the follow-up study, the erosion rate of

lining quality was converted into the erosion rate of
lining thickness, such as type 3 below.

Hinc ¼
Einc

qrAr
�Winc; ½3�

where Hinc is the erosion rate of inclusions, mm h�1; qr

is the density of refractory lining, kg m�3; Ar is the area
of refractory lining, m2; and Winc is the inclusions’
quality of impacting Ar in the unit time, kg h�1.
The inclusions were assumed to be spherical and the

density is the same as the alumina particles. The size

Einc ¼
2:31� 10�3ð8:75� 10�3 þ 5:48q3:46Þd0:32V2:06

s sin2:5 a
þ9:81� 10�3ð8:75� 10�3 þ 5:48q3:46Þd0:32V2:06

s cos2:5 a sin 3að Þ; a � 30�

2:31� 10�3ð8:75� 10�3 þ 5:48q3:46Þd0:32V2:06
s sin2:5 a

þ9:81� 10�3ð8:75� 10�3 þ 5:48q3:46Þd0:32V2:06
s cos2:5 a; a>30o
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distribution of inclusion particles is shown in Table II.
The inclusion particles in liquid steel grow up with
polymerization due to the collision of Brownian motion,
turbulent collision, and Stokes collision; the growth rate
of the collision can be solved according to Reference 20.

D. Mathematical Solution

All the equations were calculated simultaneously by
commercial software CFX. After getting the steady fluid
flow of molten steel in the ladle, the trajectories of
inclusions of which the distribution is random in the
ladle were solved, the individual programming was
applied to import the erosion model, and the flow of

molten steel in the ladle, the movement of the inclusions,
and the erosion characters were coupled for calculation.

IV. RESULTS AND DISCUSSION

A. The Effect of Gas Flow Rate with Single Blowing

The erosion rate field of the ladle lining using single
blowing with different gas flow rates is shown in
Figure 2.
As shown in Figure 2, the higher erosion rate, the

area of which increased obviously with the increase of
gas flow rate, is mainly in the area of the lining near the
purging plug in the condition of single blowing. When
the gas flow rate is lower, which is only 3 m3 h�1, the
erosion of the lining near the purging plug is widely
distributed (as shown in Figure 2(a)), and the area with
higher erosion rate, which is only 0.05 to 0.08 m h�1,
and is oval near the slag line. But, when the gas flow rate
is increased to 45 m3 h�1, the distribution of erosion
rate obviously changes (as shown in Figure 2(b)). The
higher erosion rate was concentrated on the two pieces
of oval areas which were combined with each other near
the slag line. And, the area with high erosion rate near
the slag line was extended and gradually integrated
when the gas flow rate is increased to 54 Nm3 h�1 (as
shown in Figure 2(c)).
Thus, single blowing would result in serious erosion in

the area of the ladle lining refractory near the purging
plug and would lead to excessive erosion; the two areas
with higher erosion rates in the working zone of lining
should be paid more attention in the optimization and
design of working lining in the refining ladle.

B. The Effect of Gas Flow Rate with Double Blowing

The erosion rate field of the ladle lining using double
blowing with different gas flow rates is shown in
Figure 3. The flow rate here is for each plug.
As shown in Figure 3, the higher erosion rate was still

mainly in the area of the lining near the purging plug in
the condition of double blowing. It was evident that the
area with higher erosion rate was larger than that in the
condition of single blowing because of the existence of
an interval between the two purging plugs. The lining
erosion rate increases obviously with the increasing of
the gas flow rate. When the gas flow rate is lower, which
is only 32 Nm3 h�1, the erosion areas are widely
distributed in the respective lining near the two purging
plugs (as shown in Figure 3(a)). When the gas flow rate
is increased to 38 Nm3 h�1, the erosion areas are still
distributed in the lining near the two purging plugs (as
shown in Figure 3(b)). But, the areas with higher
erosion rates are concentrated gradually; for example,
the higher erosion rate area of the lining near the
purging plug labeled as A is concentrated in the region
near slag line because the purging plug A is closer to the
lining. When the gas flow rate is increased to
45 Nm3 h�1, the areas with high erosion rates are
concentrated near the slag line, which are in the interval
between the two purging plugs, and all the working

Table I. Main Parameters of Steel-Argon System at 1893 K

(1620 �C) and 1 atm

Density of Molten Steel (kg m�3) 6940
Density of Argon (kg m�3) 0.342
Viscosity of Molten Steel (kg (m s)�1) 6.293 9 10�3

Viscosity of Argon (kg (m s)�1) 5.741 9 10�5

Average Density of Inclusions (kg m�3) 3500
Initial Temperature of Molten Steel (K) 1893

Table II. Initial Inclusions’ Size Distribution

Inclusions Size
(lm)

10 to 20 20 to 40 40 to 50 50 to 100 100 to 280

Proportion
(pct)

6.9 13.2 7.2 50.3 22.4

Fig. 1—Sketch of refining ladle. (a) Front view, (b) top view.
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Fig. 2—The erosion rate field of the ladle lining with single gas
blowing. (a) 36 Nm3 h�1, (b) 45 Nm3 h�1, (c) 54 Nm3 h�1. Fig. 3—The erosion rate field of the ladle lining wall with double gas

blowing. (a) 32 Nm3 h�1, (b) 38 Nm3 h�1, (c) 45 Nm3 h�1.
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regions of lining are affected by erosion (as shown in
Figure 3(c)).
Thus, compared with the single blowing, it is easier

for double blowing to cause the whole ladle lining
refractory to be eroded severely. Especially, the areas
with much higher erosion rate of the lining near the slag
line in the interval of the two purging plugs should be
enhanced to avoid early partial damage.

C. The Effect of Single Blowing Position

The erosion rate field of the ladle lining wall using
single blowing with different positions is shown in
Figure 4, while the gas flow rate is 45 Nm3 h�1.
It is obvious in Figure 4 that the erosion area of the

working region of the ladle lining near the purging plug
extended gradually as the distance between the purging
plug and the lining of ladle was shortened, while the
erosion rate distribution of the ladle lining does not
change too much. The higher erosion rate, the maximum
erosion rate of which increases by 11.1 pct from 0.108 to
0.120 mm h�1, is more concentrated in the local area
near the slag line. Therefore, the partial erosion is easy
to deteriorate and the refractories in the area with higher
erosion rate need specialized selection and design.
Meanwhile, the purging plug should be located away
from the lining wall under the condition of good
blowing effect in order to avoid increasing of the partial
erosion and shortening of the lining service life.

V. CONCLUSIONS

1. The higher erosion rate, the area of which increased
obviously with the increase of gas flow rate, is mainly
in the area of the lining near the purging plugs in the
condition of single blowing and double blowing; so,
the areas with much higher erosion rate of the lining
should be enhanced to avoid early partial damage.

2. Compared with the single blowing, the erosion rate
of the ladle lining was faster and more widely dis-
tributed when the double blowing was used; so, it is
easier for double blowing to cause the whole ladle
lining refractory to be eroded severely. Especially, the
distribution of erosion is obviously different as the
gas flow rate increases, serious erosion areas are in
the slag line region, and the higher erosion areas are
concentrated on the slag lining and extended toroi-
dally of which the refractories should be necessarily
optimized and designed.

3. As the distance between the purging plug and the
lining of the ladle is shortened, the partial erosion is
easy to deteriorate and the refractories in the area
with higher erosion rate need specialized selection
and design. Meanwhile, the purging plug should be
located away from the lining wall under the condition
of good blowing effect in order to avoid increasing of
the partial erosion and shortening of the lining ser-
vice life.

Fig. 4—The erosion rate field of the ladle lining with different posi-
tion blowing. (a) 0.4R, (b) 0.5R, (c) 0.6R.
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