PAPERS
EIRICH AWARD

Study on Failure and Refining Effect of
Purging Plugs with Different Slits

2020

Fangguan Tan, Zhue He, Shengli Jin, Yawei Li, Baokuan Li

Due to severe service conditions, the life span of purging plugs is shorter than the lining of ladles, which

results in lower production efficiency. To investigate the stress distribution, the thermal-solid modeling
was applied to simulate the refining process experience by the purging plug. Subsequently, the thermomechanical behaviour of purging plug with circular slits and rectangular slits were compared to evaluate
structural optimisation. Furthermore, two kinds of the purging plug also were chosen to compare its the
mixing time and inclusion removal rate. The simulation result indicated that instead of rectangular slits,
the circular slits not only alleviate the stress concentration around the slit effectively but also reduce the
maximum axial tension stress of the purging plug. Furthermore, the purging with circular slits has better
performance in the inclusion removal rate.
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1 Introduction
Secondary metallurgy is indispensable for
producing high-quality steel in modern
steelmaking processes, and refining oper
ations are often carried out in ladles furnace[1, 2]. As a part of the ladle furnace, the
purging plug plays a crucial role in refining
operations [3]. Therefore, the performance
of the purging plug in its service time and
refining effects determine the productivity
and the steel liquid quality, respectively.
There are mainly two approaches to extend
the service time of a purging plug. One of
them is to improve the mechanical properties and thermal stabilities of the refractory
material of the purging plug by adjusting
the chemical components [4–6]. The other
one is optimising the geometric structure to
improve stress distribution. Similar to the
purging plug with slits, the component with
holes was widely employed in industries
due to its various purposes.
Usually, stress concentration occurs at the
corners of the holes in component [7]. However, the stress concentration is one reason
for the failure of equipment. Therefore, optimising the slit shape of the purging plug to
improve its service life may be a good
choice.
Whether the thermomechanical behaviour
of purging plug after optimising can be improved is worthy of investigation. Along

with the good thermomechanical perform
ance, a purging plug is also required to have
excellent refining effects that determine the
quality of the steel. The refining effects consist of mixing time and the inclusion re
moval rate as well as the slag eye area [8,
9]. In previous research, many water model
experiments were performed to investigate
the mixing time and inclusion removal rate
of a ladle by adjusting the position of a por
ous plug and gas flow rate [10, 11]. However, there are few reports aim at exploring
the refining effects of purging plug with different slits.
In this study, the thermal-solid modeling
was applied to simulate the refining process
experience by purging plug. The thermo
mechanical behaviour of purging plug with
circular slits and rectangular slits was compared to evaluate structural optimisation.
Furthermore, two kinds of the purging plug
also were chosen to compare its the mixing
time and inclusion removal rate.

2 Models and boundary
conditions

2.1 Geometry and material
The dimensions of the purging plug with
different slits that were employed in this
research are presented in Fig. 1. For saving
the calculation resource, one-tenth of the
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Tab. 1 Duration and the temperature of the
working face for each process
Process

Duration
[s]

Working Face
Temperature
[K]

Simplified preheating

900

298~1273

Transporting including
tapping

2400

1273~1873

Stirring

900

1873

Holding

900

1873

1600 °C. Moreover, the cold face of the
purging plug was presumed to be fixed, and
the contact between the cylindrical face and
well block was supposed as frictionless. All
of these constraint conditions of each face
were also given in Fig. 3. The flow rate of
argon was 1000 Nl/min with a temperature
of 300 K when it was injected into the ladle.

2.2 Water model experiments
Fig. 1 The diagram of the purging plug with circular slits (a) and
with rectangular slits (b)

practical purging plug was applied. As
shown in Fig. 1, rectangular slits of 0,2 mm
× 20 mm and the circular slits of a diameter
of 0,6 mm were assembled in the purging
plug, respectively. The cross-section area of
the slit where the argon was injected into
was the same for both purging plugs.
The purging plug was made of corundum
spinel castable, of which the density is
2900 kg/m3. Fig. 2 shows the material
properties that include the coefficient of the
thermal expansion, specific heat capacity,
and thermal conductivity of the purging
plug at different temperatures.
The Young modulus of castable sintered at
1600 °C was 183 GPa that was measured
by an impulse excitation technique with
RFDA (IMCE/BE). The Poisson’s ratio was set
as 0,27. The coefficient of the thermal expansion, specific heat capacity, and thermal
conductivity of the castable were tested in
the lab. These measure methods can be referred to as previous research [12].

boundary condition of the working face,
cold face, and cylindrical face, as well as the
coordinate system, were presented. As
shown in Tab. 1, the whole refining process
can be divided into four stages named preheating, transporting, stirring, and holding
stage, respectively.
It is assumed that the temperature of the
working face of the purging plug was equal
to that of steel liquid, which was defined as

To evaluate the refining effect of the purging plug with different slits, the water model
was employed in this section. The water
model, a reduced scale 1/5 of the industrial
ladle nominal capacity of 150 t, was made
of transparent acrylic glass.
An effective dimensionless ratio deduced
from the similarity parameters of the plume
was proposed to model the plume and ladle
hydrodynamics, which was introduced in
research [9].
Furthermore, the schematic of the water
model system for the mixing time, inclusion
removal rate, and both experimental pro
cedures also can be referred to in the re-

2.2 Boundary conditions
In this study, the thermo-solid coupling
method was applied to simulate heat exchange between the argon gas and the
solid. As shown in Fig. 3, the thermal
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Fig. 4 Temperature contour of the purging plug with
(a) rectangular slits and (b) circular slits at t = 3500 s

Fig. 3 The boundary condition of the purging plug

Tab. 2 The gas flow rate for the physical model experiment and actual refining process
Value
Steel-argon system
[Nl/min]

93

300

400

500

600

700

800

900

1000

Water model system
[Nl/min]

0,7

2,26

3,01

3,76

4,51

5,26

6,02

6,78

7,51

search [13]. Tab. 2 shows the gas flow rate
for the physical model experiment and the
actual refining process.

3 Results

3.1 Thermal results
As mention above, the boundary condition is
the same for both types of purging plug, but

the shape of the slit and the arrange methods of the slit differ. Consequently, there are
many dissimilarities of the heat transfer for
both types of purging plugs during the stirring stage. Therefore, it is necessary to analyse the temperature distribution of the
purging plug with different slits during the
stirring process. Fig. 4 depicts the temperature contour of the purging plug with differ-

ent slits for 3500 s. As shown, after argon
blowing for 100 s, the temperature gradient
near the working face of the purging plug
with rectangular slits is larger than that of
the purging plug with circular slits.
Fig. 5 presents the temperature contour of
the cross-section y = 0,343 m of the purging plug with different slits for 3500 s. It is
indicated that the temperature drop occurs
around the slit for both kinds of purging
plugs. However, the cross-section near the
working face of the purging plug with circular slits temperature gradient is smaller.
This is likely due to more evenly arranged
circular slits, which contributed the heat
transfer between the whole purging plug
and argon.

Fig. 5 Temperature contour of the purging plug with rectangular slits Fig. 6 Axial stress distribution in the purging plugs with
(a) and circular slits at t = 3500 s for cross-section y = 0,343 m (b)
rectangular slits (a) and circular slits at t = 3500 s (b)
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3.2 Thermomechanical results
As shown in Fig. 6, the thermomechanical
behaviour of the purging plug with rect
angular slits was compared to that of the
purging plug with circular slits. The results
showed that the area of tensile stress distribution of purging plug with circular slits is
smaller than that of the purging plug rect
angular slits.
This is because the structure of the circular
slit is more stable, which results in the radial
plane deformation of the purging plug is
smaller under the load. Consequently, the
circular slit effectively reduces the maximum
axial tension stress of the purging plug,
which prolongs its service lifespan.
Fig. 7 shows the axial stress distribution in
the purging plugs with different slits for y =
0,343 m cross-section at 3500 s. It is indicated that the stress concentration took
place at the corner of the rectangular slit. As
for the circular slit, the temperature gradient leads to the tensile stress around the
slit.
As previous research reported, the stress
concentration factor can be significantly affected by applying proper cutout shape
[14]. As we knew, the circular hole can effectively alleviate the stress concentration
around the hole. Furthermore, as brittle material, the corundum spinel has a good performance in compressive stress but not in
tension stress. In brief, instead of the rect
angular slits, the circular slits not only alleviate the stress concentration around the slit

Fig. 7 Axial stress contour of the purging plug with rectangular slits (a) and
with circular slits at t = 3500 s for y = 0,343 m (b)

effectively but also reduce the maximum
axial tension stress of the purging plug.
Nevertheless, the lifespan of the purging
plug with circular slits is longer than that of
the purging plug with rectangular slits,
which was confirmed in actual usage.

3.3 Refining effects
Fig. 8 presents the mixing time of the purging plug with different slits at various gas
flow rates. This experiment showed that
with the increasing of the gas flow rate, the
mixing time decreased for both kinds of
purging plugs. This is a consequence of the
stirring energy enlarged with the rising of

Fig. 8 The mixing time of the purging plug with different slits
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gas flow rate [15]. Furthermore, when the
gas flow rate exceeded 6,02 Nl/min, the
mixing time of purging plug with circular
slits is nearly identical to that of purging
plug with rectangular slits.
It can be explained that while the gas flow
rate approaches a critical value, the stirring
energy was consumed to form a larger slag
eye. It is reported that at small nozzle diameters, the bubble size increases with increasing nozzle diameter [16].
Nevertheless, less energy dissipated by the
finer bubble during its rising process. So the
smaller the gas flow rate is, the greater the
difference between the two mixing time

Fig. 9 The inclusion removal rate of the purging plug with
different slits
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curves is, which was indicated in Fig. 8
shows the inclusion removal rate of the
purging plug with different slits at various
gas flow rates. It is indicated that the inclusion removal rate enlarges with the increase
of gas flow rare. It can be explained as follows. As mentioned above, the bubble size
increases due to the larger dimensionless of
rectangular slit comparing with the size of
the circular slit. However, the finer bubble
has a higher attachment probability of inclusion to the bubble that results from its
larger gas/interfacial area [17].
Not only that, the bubble number rises with
the increase of the gas flow rate. Furthermore, the inclusion removal rate is about
10 % higher than that of purging plug with
rectangular slits when the gas flow rate is
above 4,51 Nl/min as shown in Fig. 9. This
phenomenon can be explained that the
probability of bubble collision and coalescence increases while the gas flow rate exceeds 4,51 Nl/min. Consequently, the mean
size of the bubble grows inconspicuously
for each type of slit.

4 Conclusions
To prolong the service time of purging plug,
reduce the steelmaking costs and energysaving, the thermomechanical behaviour
and refining effects of purging plug with
different slits were compared in this study.
The result shows that instead of rectangular
slits, the circular slits not only alleviate the
stress concentration around the slit effect
ively but also reduce the maximum axial
tension stress of the purging plug.
Furthermore, the mixing time of the purging
plug with circular slits is shorter than that
of the purging plug with rectangular slits
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when the gas flow rate is less than
6,02 Nl/min. Besides, the circular slit of a
diameter of 0,6 mm is more conducive to
generate smaller bubbles. Therefore, the
purging plug with circular slits has better
performance in the inclusion removal rate.
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