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Abstract: The paper presents new results concerning the influence of the gas density and porous plug
diameter on the nature of liquid steel stirring with an inert gas in the ladle. The tests were carried
out on a cold model of a 30t ladle using particle image velocimetry (PIV) with a high-speed camera
to analyse the plume zone formed during the supply of argon and helium as a stirring gas. The
similarity criteria for the investigation of stirring processes in cold model in the past were discussed
and compared. The modified Morton number was used in this paper to relate the gas flow rate in the
model with real objects. The presented results constitute complete documentation of the influence of
the plug diameter and gas density on the size of formed gas bubbles and the velocity of gas bubbles
rising in different zones of the plume, plume, and spout geometry, including the expansion angle,
spout height, open eye area, and gas hold-up.

Keywords: ladle stirring; cold water model; gas density; argon; helium; bubble size; bubble velocity;
spout; open eye; expansion angle; gas hold-up

1. Introduction

Stirring of liquid crude steel with inert gas is an essential treatment step in secondary
metallurgy. Stirring with an inert gas, such as argon, can be carried out as a separate
treatment step of steel melt for chemical and thermal homogenisation, or as a part of
other secondary metallurgical processes (e.g., desulphurisation with slag), removal of
non-metallic inclusions, and other processes. Without the stirring process, successful
treatments in the ladle furnace or vacuum tank degassing unit are impossible. The intensity
and duration of the gas stirring depends on the treatment purpose and steel grade being
produced. It can last from a couple to several tens of minutes. However, there are steps
in steel production when stirring can be prohibited, such as the step between vacuum
processing and continuous casting of some very low carbon melts. In this case, stirring can
be suppressed in order to prevent the carbon pick-up from wear refractories. Typically, the
inert gas is pumped into liquid steel through the stirring plug located at the bottom of a
ladle. However, vertical lances are used for the gas stirring operation in some steel plants
even nowadays. Thereby, the stirring procedure cannot be neglected as it has an important
role in obtaining the required cleanliness and quality of the produced steel products.

The idea of studying the stirring process in a ladle is not new. Many scientists have
been doing physical or mathematical modelling of the stirring process since the devel-
opment of secondary metallurgy. Hundreds of research articles about mixing, plume
characteristics, bubble behaviour, spout and open eye geometry, and inclusion behaviour
can be found in the literature, with dozens of reviews on them. In North America, ladle
gas stirring studies were carried out by R.I.L. Guthrie [1,2], G.A. Irons [1,3–11], J.K. Brima-
combe [12–16], D. Mazumdar [17–20], K. Krishnapisharody [7–11], and R.J. Fruehan [21]; in
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Japan by M. Igichi [22–28]; and in Germany by F. Oeters [29,30], K. Schwerdtfeger [31–35],
W. Pluschkell [36], and H. Steinmetz [37].

Numerical description for the mixing of liquid steel with gas in a ladle is essential
for modelling of secondary refining processes. Herewith, the full complexity of reactions
taking place at the metal/slag interface has to be taken into account. Moreover, the local
equilibrium of these reactions depends on the conditions and efficiency of gas stirring [38].
Y. Liu et al. [39] thoroughly reviewed the physical and numerical approaches for studying
gas stirring in a ladle that have been utilised within the past few decades.

All physical models of ladle gas stirring can be divided into cold and hot models.
While cold models use water or mercury for the liquid metal representation, hot models use
wood metal and pig iron. The most commonly used gas is air, followed by nitrogen, argon,
and then helium. Often, the gas for the models was supplied with a nozzle, sometimes
with a lance, and less often with a stirring plug. Thus, the diameter of the used nozzles was
a couple of millimetres. The acoustic device, propeller flowmeters, electroresistivity probes,
magnet probes, conductivity sensors, laser doppler velocimetry, laser doppler anemometry,
particle image velocimetry, and cameras were used as a research tool. Thereby, past studies
were carried out with gas flow rates from 1 up to 8000 cm3/s. An example of various
physical modelling studies is given in Table 1.

Table 1. Previous cold and hot model investigations of ladle gas stirring process (EP—electroresistivity probe, LDV—
laser doppler velocimeter, MIA—multivariate image analysis, PCA—principal component analysis, MP—magnet probe,
LDA—laser doppler anemometry, CCD—charge coupled device).

Ref. D × H [mm] System Gas Inlet, d [mm] Method Gas Flow Rate Results

Irons 1978 [1] - Pig iron/argon Lance/nozzle Acoustic device 1–1000 [cm3/s]
Bubble frequency,
bubble diameter

Sahai 1982 [2] 500 × 450 Water/air/small
rectangular cards Vertical lance, 2.16 Video recordings 4.3 × 10−4 [m3/s] Velocity

Ebneth 1985 [36] 1440 × 1650 Water/air Nozzle, 8 Propeller
flowmeter

1.67 × 10−4,
1 × 10−3 [m3/s]

Plume velocity

Tacke 1985 [31] 445 × 600
284 × 270

Water/air,
Hg/N2,

water/He
Nozzle, 0.5–4 EP 59–2660 [cm3/s]

Bubble hold-up,
frequency, bubble

diameter

Kim 1987 [21] 456 × 620 Water/air Nozzle: 2, 4.8 Conductivity cell 1–10 [L/min] Mixing time

Castillejos 1987
[12]

500 × 400,
500 × 600 Water/air Nozzle, 4.1, 6.35 EP 371, 876, 1257

[cm3/s]

Gas fraction and
velocity, bubble
frequency and
diameter, gas

velocity

Castillejos 1989
[13] 210 × 210 Hg/N2, Hg/He Nozzle, 1.85, 4 EP 158–456 [cm3/s]

Gas fraction,
frequency and
bubble velocity,
bubble diameter

Anagbo 1990 [14] 500 × 400 Water/air Porous element, 60 EP, LDV 200–1200 [cm3/s]
Gas fraction, gas
velocity, liquid

velocity

Sahajwalla 1990
[15] 500, 400 Water/air Nozzle, 6.35 EP, high-speed

camera
371, 876, 1257,
1630 [cm3/s]

Spout, gas
fraction,

frequency,
velocity of gas

Iguchi 1991 [22] 126 × 400
200 × 400 Water/air Nozzle, 1, 2, 5 EP, LDV 10.3, 20.6; 41.4

[cm3/s]

Bubble frequency
and gas hold-up,
bubble velocity

Iguchi 1992 [23]
126 × 180,
200 × 385,
390 × 385

Water/air Nozzle: 1, 2, 4, 5 EP, LDV 10–100 [cm3/s]
Bubble frequency

and hold-up,
bubble velocity
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Table 1. Cont.

Ref. D × H [mm] System Gas Inlet, d [mm] Method Gas Flow Rate Results

Iguchi 1992 [24] 125 × 145 Hg/air Nozzle, 0.5, 1.01,
1.53 EP 300 [cm3/s]

Bubble hold-up,
frequency, bubble

velocity

Sheng 1993 [3] 500 × 420 Water/air Nozzle EP, LDA, camera 50–200 [mL/s] Gas hold-up,
liquid velocity

Pan 1994 [40] 280 × 280–400 Water/N2 Nozzle Conductivity cell 1.14–6 × 10−2

[m3/h] Mixing time

Zhou 1994 [16] 500 × 200, 300,
400 Water/air Nozzle EP, LDV

2 × 10−4–
20 × 10−4

[m3/s]

Critical gas flow
rate

Castello-Branco
1994, 1996 [32,33] 1600 × 2250 Water/air Nozzle EP, propeller

flowmeter

2500, 5000, 6389,
7222, 7778

[cm3/s]

Gas hold-up,
bubble frequency,

liquid and gas
velocities

Sheng 1995 [4] 500 × 420 Water/air Nozzle EP, LDA 50–200 [mL/s]
Bubble hold-up,

frequency, bubble
velocity

Iguchi 1995 [25] 126 × 233 Water/air Nozzle: 1, 2, 5 EP, LDV 10–160 [Ncm3/s] Plume velocity

Yonezawa 1999
[34] 290 × 225 Hg/N2 Nozzle CCD camera 0.2–0.6 [m3/h] Spout geometry

Mazumdar 2000
[18]

300 × 600,
250 × 490 Water/Ar Lance Conductivity cell 0.8–3.8 × 10–4

[m3/s] Mixing time

Guo 2000 [6] 420 × 500 Water–
NaOH/CO2

Nozzle, 1. Plug,
10–50 PH-probe, video 10 [L/min] Bubble behaviour

Yonezawa 2000
[35] 1600 × 1800 Water/air Flush nozzle Camera, EP 5, 9, 18, 26, 28

[m3/h] Spout geometry

Iguchi 2004 [28] 200 × 300, 750
500 × 300, 750

Water/silicon
oil/air Nozzle CCD camera - Spout geometry

Krishnapi-
sharody 2006,

2007, 2015 [8,9,11]
420 × 500 Water/air/liquid

paraffin oil Flush Nozzle, 3 CCD camera 1–10 [L/min] Spout, open eye
geometry

Ek 2010 [41] 480 × 500
Water/air/silicon

oil/charcoal
particles

Nozzle, 6 Conductivity
measurement 0.15–0.45 [m3/h]

Mixing time,
removal of

non-metallic
inclusion

Conejo 2019 [20] 335 × 391
Water/air–
automotive

oil
Nozzel, 3 Sensor, camera 0–7.8 [NL/min] Mixing time,

open eye area

Xie 1992, 1994
[29,30] 400 × 370 Wood/Ar, N2, He Accentric nozzle EP, MP 100–1200 [cm3/s]

Bubble frequency
and diameter, gas

hold-up, liquid
velocity

Iguchi 1995 [26] 90 × 120 Pig iron/Ar Nozzle, 1 EP 50–100 [cm3/s]
Diameter,

frequency and
velocity of bubble

Iguchi 2002 [27] 200 × 150 Wood/He Nozzle EP 60–90 [cm3/s]
Gas hold-up,

bubble velocity

Many researchers have thought, in their works, about the problem of transferring
the obtained results to real industrial ladles. Usually, the Froude number (1) was used in
physical modelling of ladle gas stirring [42]:

Fr =
v√
g·d

(1)

where Fr is Froude number, v is gas velocity on the nozzle/plug exit [m/s], g is acceleration
due to gravity [m/s2], and d is diameter of nozzle/plug [m]. Schwerdtfeger et al. [31–33]
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and Iguchi et al. [22,23,25] used the modified Froude number (2), which considers the
densities of liquid and gas phases:

Fr∗ =
Q2·ρg

g·d5·ρl
(2)

where Fr* is modified Froude number, Q is stirring gas flow rate [m3/s], and ρg and ρl are
densities of gas and liquid [kg/m3], respectively. Krishna Murthy et al. [43,44] took the
following modified Froude number (3):

Fr∗ =
16·Q2

π2·d4·g·H ·
(

ρg

ρl − ρg

)
(3)

where H is height of a liquid bath [m]. In the work [12], the next modified Froude number
was used (4):

Fr∗ =
Q2

d5·g ·
(

ρg

ρl − ρg

)
(4)

Ek et al. [41] gave Equation (5) for the Froude number in 2010:

Fr =
Q

2
3 ·H 1

2 ·R−1
2

g·H (5)

where R is radius of a liquid bath [m]. Irons et al. [5] used Reynolds, Morton, and Eötvös
numbers as well as density and viscosity ratios for the cold model of gas stirring. In
their investigations, Yonezawa and Schwerdtfeger [34] considered that similarity factors
responsible for the gas stirring process of a ladle depend on the gas flow rate, height of
the melt, slag thickness, acceleration due to gravity, ambient pressure, gas pressure at the
nozzle exit, density of the melt, slag, and gas, viscosity of the melt and slag, and surface
tension of the melt and slag. Scheller et al. [45] derived the modified Morton number (6) to
investigate the gas stirring process in a ladle using the similarity analysis. Herewith, the
thermophysical properties, such as density, surface tension, and viscosity of liquid and gas
were considered:

Mo∗ =
d·g2

v2 ·
(
ρl − ρg

)3

ρ4
g

·
η4

l
σ3

l
= Mo· 1

Fr2 (6)

where Mo* is modified Morton number, ηl is viscosity of the liquid [Pa·s], σl is surface
tension of the liquid [N/m], and Mo is Morton number. Sahai and Guthrie [7] used the
similarity Equation (7):

Qladle = λ2.75·Qmodel (7)

where Qladle is stirring gas flow rate in a ladle [m3/s], λ is geometrical similarity, Qmodel
is stirring gas flow rate in the model [m3/s]. Mazumdar [17] proposed in 1990 to use the
term λ1.5:

Qladle = λ1.5·Qmodel (8)

Thereby, Equation (8) was obtained from the Froude number Fr = v2/(g·d) with the
assumption that v = 4.5·Q1/3·H1/4·R−1/4. Later, Mazumdar [19] derived the following
scaling equation based on Froude number Fr = v2/(g·d) with the assumption that v = Q

A
where A is area [m2] and, again, without consideration of any thermophysical properties of
liquid or gas phases:

Qladle = λ2.5·Qmodel (9)
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Kim and Fruehan [21] used the modified Froude number Fr = v2

g·d ·
ρg
ρl

and gave in his
paper Equation (10), where the coefficient 1.038 is calculated from the ratio((

ρg
ρl

)
model

·
(

ρl
ρg

)
ladle

)0.5
:

Qladle = 1.038·λ2.5·Qmodel (10)

Pan et al. [40] conducted the similarity analysis using Q, d, H, g, η, σ and average
diameter of ladle and model D, which led to the following equation:

Qladle = 0.2557·λ2·Qmodel (11)

where the coefficient 0.2557 is calculated according to Equation (12):(η

σ

)
ladle

·
(η

σ

)
model

· Tladle
Tmodel

· Patm

Patm + g·ρl,ladle·Hladle

(12)

where Patm is ambient pressure of 101,325 Pa, and T is temperature [K]. Scheller et al. [45]
compared the experimentally obtained data, such as the liquid flow velocity, open eye diam-
eter, expansion angle of the plume from industrial and cold model trials. Scheller et al. [45]
found the best consistency for the followed scaling factor:

Qladle = λ2.93·Qmodel (13)

Yu et al. [46] deduced a theoretical scaling equation embodying liquid density and
surface tension by analysing the governing equation of plume rise:

Qladle =

(
λσ

λρ

)0.25
λ2·Qmodel (14)

where λσ =
σl, ladle
σl, model

is the ratio between the surface tension of liquid in a real ladle and

the surface tension of liquid in the model, and λρ =
ρl, ladle
ρl, model

is the ratio between the
density of liquid in a real ladle and density of liquid in the model. The density of gas was
not considered in Equation (14). The use of different similarity numbers and equations
established different gas flow rates in the physical modelling of the same industrial process,
which is presented in Table 2. The necessary thermophysical data for calculation of a flow
rate is summarised in Table 3. Among all the works cited above, only Scheller et al. [45]
compared the measured results (i.e., expansion angle, open eye diameter, velocity) from
a water model, which used modified Morton number, with the results measured on an
industrial ladle and found good agreement. In 2000, Mazumdar et al. [18] compared
results from the investigations of mixing time with different λn (n = 1.5–2.5). He concluded
that studies with λ2.5 gave results closest to reality. In 2013, Krishnapisharody et al. [10]
reviewed the previous investigation extensively and found that the modified Froude
number has no significance in gas blowing operations in a ladle. He concluded that
the orifice diameter, type (nozzle or plug), and densities do not affect the plume’s flow
characteristics. The authors proposed and justified the “plume” Froude number based on
the area-averaged liquid or plume velocity

↼
v l [m/s] and the cross-sectional area-averaged

gas hold-up
↼
α in the plume:

Frp =

↼
v l

g·H·↼α
(15)
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Table 2. Calculated argon flow rates using different similarity criteria and equations for water model by modelling of 30 t
ladle (geometric similarity λ = 4.5, * equation number).

[NL/min]
Cold Water Model [L/h], 3 atm

(1) * (2) * (3) * (4) * (6) * (7) * (8) * (9) * (10) * (11) * (13) * (14) *

35 123 46 35 46 15 19 127 28 27 23 15 51
60 211 79 59 79 25 33 218 48 47 40 25 87

120 421 159 118 159 50 66 436 97 93 80 50 174
180 632 238 177 238 75 100 653 145 140 120 76 261
140 843 317 236 317 100 133 871 194 187 161 101 348

Table 3. Material properties for calculation of argon flow rate in water model [45,47].

Density [kg/m3] Dynamic Viscosity [Pa·s] Surface Tension [kg/s2]

Steel 7000 0.004998 1.0
Water 998.2 0.001001 0.073
Argon 1.6628 22.7 × 10−6 -

Helium 0.1785 - -

The previous studies of stirring with various gases, such as N2, Ar, and He, found
that they are not equal. In [31], it was found that the helium/water jet expands more
rapidly than air/water jets. Therefore, the bubbles in the system of helium/water were
larger than ones in the air/water system. In [29], the systems Ar, N2, He/wood metal were
investigated, and it was found that physical properties of an injected gas had no perceptible
influence on the bubble behaviour. In [13], the stirring in N2 and He/Hg systems was
investigated. As a result, dependence of the gas distribution parameters on a gas/liquid
density ratio was relatively small. The expansion angle of the plume increased only slightly
with this parameter.

The main purpose of the current study is to re-examine the effect of thermophysical
properties (e.g., gas density) and plug diameter on the stirring process in a ladle.

2. Materials and Methods

The experiments were performed in a cylindrical vessel made of PMMA (chemical
name: polymethylmethacrylate; commercial name: Plexiglas) with a diameter of 445 mm
and height of 500 mm, respectively. It was a cold model of one industrial 30-ton ladle
used in VOD process (vacuum oxygen decarburisation) of one European steel plant. The
experimental setup was presented in [45,48] and is shown the Figure 1. During the inves-
tigations, the gas flow rate was varied between 15 and 100 L/h at 3 atm, which is equal
to argon flow rates between 35–140 L/min of a real ladle when using modified Morton
number, Equation (6). Tap water (20 ◦C temperature) and several gas types were used as
the gas/liquid system. Gas was introduced through a 30 mm diameter porous plug in the
bottom centre. The diameter of the porous plug was changed from 20 to 30 mm. The porous
plug was produced by the company RHI (RHI GmbH, Vienna, Austria). The chemical
composition of the porous plug consists of 96 mass% MgO. Thereby, open porosity of
the plug was 28 vol%. The experiments were carried out without the silicon oil layer on
water top.

The particle image velocimetry (PIV, NEW Wave Solo 200XT, NewWaveTM Research
Co., Ltd., Cambs, UK) was utilised to analyse images within the cold model study. The
recording was conducted via a CCD camera (Dantec FlowSense 2E, Dantec Dynamics,
Skovlunde, Denmark); the recording length in real-time was 15 s with a recording speed
of 600 fps. The recorded images were processed with the image analysis software Stream
Motion Olympus 1.9.4 (Olympus Soft Imaging Solutions GmbH, Hamburg, Germany),
Dynamic Studio (Dantec Dynamics, Skovlunde, Denmark) and Tecplot 360 (Tecplot Inc.,
Regenstauf, Germany) in automatic and manual modes. Average values of the measured
parameters, such as bubble size, bubble velocity, gas hold-up, expansion angle, spout
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height, and open eye area were determined from at least 100 images/bubble. During the
measurement, the camera was focused on the centre of three different areas—top, middle,
and bottom of the ladle (i.e., Zone 1, 2, 3). Approximately, these zones have the following
dimensions in the axial direction of the water model:

− Zone 1 (top): 0–15 cm
− Zone 2 (midheight): 15–30 cm
− Zone 3 (bottom): 30–45 cm

The division of the water model into its three areas should rather represent different
pressure conditions that affect the rising bubbles.
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Figure 1. Experimental setup.

3. Results
3.1. Bubble Size

During the experiments, spherical, spheroid, and spherical-cap bubbles were detected.
Each bubble had a different form; therefore, two different diameters (i.e., D1 and D2) were
measured (see Figure 2). D1 is the largest diameter of the bubble, while D2 is the smallest.
According to Equation (16):

Dv =
(

D2
1 ·D2

) 1
3 (16)

where the equivalent diameter (Dv) can be found. Dv was used for the further analysis.
The bubble size was measured only in the axial position in the plume.
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Figure 3 shows a dependence of the bubble equivalent diameter Dv on the gas flow
rate, stirring gas (Figure 3a), and plug diameter (Figure 3b). By increasing the gas flow
rate, the equivalent diameter increased for both argon and helium as well as for different
plug diameters. The bubble equivalent diameter increased approximately linearly with
an increase of a gas flow rate. It is also seen that the diameter of the helium bubbles was
slightly larger—about 10% more—at gas flow rates higher than 50 L/h at 3 atm pressure.
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At low gas flow rates, this effect was not visible. The porous plug diameter had a stronger
impact on the bubble equivalent diameter. When blowing with a 20 mm plug, bubbles were
much larger than the ones with a 30 mm plug at the same flow rates and gas densities. An
average value of the equivalent diameter was determined from a minimum of 100 pictures.
The standard deviations were between 0.2 and 0.8 mm.

Crystals 2021, 11, x FOR PEER REVIEW 9 of 17 
 

 

were much larger than the ones with a 30 mm plug at the same flow rates and gas densi-
ties. An average value of the equivalent diameter was determined from a minimum of 100 
pictures. The standard deviations were between 0.2 and 0.8 mm. 

 
Figure 3. Equivalent bubble diameter as a function of gas flow rate, stirring gas types (a) and plug diameter (b). 

3.2. Bubble Velocity 
In this series of experiments, the rising velocities of single bubbles were determined 

using a high-speed camera (Casio EX-F1, Amazon). It should be noted that the rates were 
determined in the axis of the bubble plume, i.e., all values of a single bubble rate refer to 
axial bubble rise velocities. The bubble velocity was calculated using a simple correlation 
between the camera frame rate (time) and bubble travelling distance. For the distance cal-
culation, the ruler was installed in the middle of the water model. All recordings were 
made at a rate of 600 fps. An average value of the bubble velocity was determined from a 
minimum of 100 single bubbles. 

The rising velocities of the bubbles were lower immediately after the plug than at the 
top of the water model. This can be seen in Figure 4, where the bubble velocities are shown 
as a function of a distance from the plug, gas flow rate, stirring gas (Figure 4a) and plug 
diameter (Figure 4b). Increasing the plug diameter reduced the velocity of single bubbles. 
The registered standard deviations indicated good accuracy and reproducibility of the 
experiments. 

The difference in bubble velocities were observed in the experiments with helium, 
where stirring with helium caused a lower velocity of individual bubbles compared with 
argon bubbles. Thereby, the bubble velocity and gas flow rate demonstrated a linear de-
pendence. 

 
Figure 4. Bubble velocity as a function of gas flow rate, stirring gas types (a) and plug diameter (b). 
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3.2. Bubble Velocity

In this series of experiments, the rising velocities of single bubbles were determined
using a high-speed camera (Casio EX-F1, Amazon). It should be noted that the rates were
determined in the axis of the bubble plume, i.e., all values of a single bubble rate refer to
axial bubble rise velocities. The bubble velocity was calculated using a simple correlation
between the camera frame rate (time) and bubble travelling distance. For the distance
calculation, the ruler was installed in the middle of the water model. All recordings were
made at a rate of 600 fps. An average value of the bubble velocity was determined from a
minimum of 100 single bubbles.

The rising velocities of the bubbles were lower immediately after the plug than at
the top of the water model. This can be seen in Figure 4, where the bubble velocities are
shown as a function of a distance from the plug, gas flow rate, stirring gas (Figure 4a) and
plug diameter (Figure 4b). Increasing the plug diameter reduced the velocity of single
bubbles. The registered standard deviations indicated good accuracy and reproducibility
of the experiments.
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The difference in bubble velocities were observed in the experiments with helium,
where stirring with helium caused a lower velocity of individual bubbles compared
with argon bubbles. Thereby, the bubble velocity and gas flow rate demonstrated a
linear dependence.

3.3. Gas Hold-Up

Figure 5 illustrates a relationship between the axial gas hold-up in a bubble plume
and gas flow rate for the three different water model zones with stirring gases argon and
helium (Figure 5a) as well as with a nozzle of 20 and 30 mm (Figure 5b). The highest gas
quantity appeared shortly after bubbles leave the nozzle. It then decreased approximately
linearly with a height of the vessel. The gas hold-up increased by increasing the gas flow
rate. Herewith, the axial gas hold-up was higher for helium as a stirring gas than argon
within all conducted experiments. Moreover, the higher axial gas hold-up was detected for
the 20 mm porous plug in comparison to 30 mm.
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3.4. Expansion Angle

The expansion angle of the bubble swarm appeared to depend on the volume of gas
bubbles and nozzle distance, Figure 6. When measuring the angle, a plume area with a
minimum of 95% of all bubbles was taken automatically by image analysis software. The
individual bubbles out of the plume were not taken into account. The mean value of the
expansion angle was calculated from up to 100 measured values. Due to the symmetry of
the bubble swarm, the half-expansion angle was utilised for representation (see Figure 7).
Thereby, the half-expansion angle decreased with reducing the plug diameter. Meanwhile,
the maximum value of the half-expansion angle was approx. 10.4◦ for a case of the 2 cm
nozzle diameter, gas flow rate of 100 L/h, and 3 atm pressure. The linear dependence
between the expansion angle and gas flow rate remained after a change of the nozzle
diameter from 30 to 20 mm. The tests with helium resulted in the same linear relationship
with a gas flow rate (see Figure 7). Stirring with helium compared to argon caused the
bubble swarm to spread at a lower angle. The gas introduction with helium covered values
between 6.5 and 10.5◦ for the flushing range used.
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3.5. Spout Geometry

The spout height (see Figure 8) increased linearly with the argon flow rate (see
Figure 9). The variation of nozzle diameters regarding the spout height led to the condi-
tions illustrated in Figure 9. It can be assumed that the nozzle diameter had a negligible
influence on the spout height. By stirring with helium instead of argon, the values of spout
height were in the range of standard deviation. A clear dependence of the open eye height
on the gas type was indistinguishable.
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A layer of oil on a surface of the water bath can make contours of the open eye clearer
(see Figure 10). However, to avoid an influence of the oil layer on geometry of the open eye,
all investigations in this work were carried out without an oil layer. Figure 11 illustrates
the relationship between the open eye area and gas flow rate. The open eye increased from
about 10,000 mm2 at 15 L/h continuously up to about 50,000 mm2 at 100 L/h. Since the
open eye was circular in the images, it corresponded to a diameter of 113 and 252 mm. The
low standard deviations of about 500 to 3000 mm2 demonstrated the good reproducibility
of the results. The plug diameter also influenced the open eye area. With a reduction in
plug diameter, the open eye decreased. The linear relationship between the open eye and
gas flow rate was maintained. By stirring with helium, there was no clear difference to the
values obtained with argon by using the same plug diameter. All values were in the range
of standard deviation.
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4. Discussion

Investigations of the ladle stirring process in this work were carried out in a water
model of a 30 t ladle with a geometric similarity of 4.5. Argon and helium were used
as stirring gases. The gas was supplied to the model through a ceramic porous plug
with diameters of 20 and 30 mm. The gas flow rate was set in relation to the real objects
based on the modified Mo number (see Equation (6)) [45]. The gas flow rates calculated
with the modified Mo number were much lower than the ones calculated with other
similarity criteria (see Table 2). In order to assess the effect of the injected gas density and
nozzle diameter, all experiments were carried out with the same gas flow rates. According
to Krishnapisharody et al. [10], the density and diameter do not influence the plume
behaviour. Both utilised gases by leaving pores of the porous plug form bubbles that
separate from the plug or coalescence into larger ones, separate, and break up. According
to the Anagbo et al. [14] classification, these bubbles on the nozzle/plug as well as the
ones that come off the nozzle/plug are called primary and free bubbles. Anagbo et al. [14]
stated that the effect of the gas kinetic energy is most pronounced in the primary bubble
region and decays rapidly in the free bubble zone. Furthermore, the bubbles move up,
merge, expand, break up, and form a bubble plume. The region raised on a bath surface
by escaping gas bubbles is called the spout. Iguchi et al. [22] classified the flow field in
bubbling jets based on axial changes in the plume velocity and gas hold-up into 4 regions:
the momentum, transition, buoyancy, and surface regions from the nozzle exit toward the
bath surface. The average axial size and velocity of the bubbles in this work were measured
along the height of the bath, but only in the plume/buoyancy region.

The density of helium is 10 times less than the density of argon (see Table 3). Therefore,
the kinetic energy of argon gas was greater than the kinetic energy of helium for the same
volumetric flow rates, nozzles/plug sizes, and exit velocity on the plug. According to
Equation (17) for the dimensionless gas fraction in the plume αe, the gas velocity drops to
1% of the initial value [10]:

αe =

[
1 + 100·

ρg

ρl

]−1
(17)

The velocity of argon bubbles dropped to 1% of the initial value by a gas fraction of
0.86 and velocity of helium gas by a gas fraction of 0.98. Thus, helium bubbles slowed down,
lost their velocity earlier and closer to the plug, and then floated up slower than argon
bubbles. Therefore, the helium bubble velocity was lower than the one of argon bubbles
along the bath height (see Figure 4a), which differs from the results in [13]. Experiments
with helium and nitrogen in [13] showed that the gas density influences the bubble velocity
only up to 100 mm away from the nozzle. After 100 mm, the velocity of helium bubbles
was the same as the velocity of nitrogen bubbles. The experiments in [13] were carried out
with nozzle diameters of 1.85 and 4 mm, which is lower than those in the current study.
Moreover, the gas flow rate was 3–9 times higher compared to the maximum gas flow rate
in the current study.

Due to a decrease in ferrostatic pressure along a height of the bath, the bubbles expand
along the height and, thus, the density of the bubbles decreases and the bubbles also move
faster (see Figures 3 and 4).

With an increase in gas consumption, the gas initial kinetic energy increases. Schw-
erdtfeger et al. [31–33] defined the penetration depth z0, described by Equation (18), as the
point where the axial gas hold-up drops to 50% when the transition between momentum
jet and buoyancy region occurs:

z0 = d·6.8·
(

Q2·ρg

g·d5·ρl

)0.272

(18)

The advantage of Equation (18) over Equation (17) is that it allows estimating the effect
of the nozzle/plug diameter and gas flow rate on the plume behaviour (see Figure 12).
Thereby, the penetration depth (i.e., length of the momentum jet) increased with a decrease
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of the plug diameter and increase of the gas flow rate. This led to an increase in the bubble
diameter and bubble velocity.
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Figure 12. Penetration depth z0 as a function of stirring gas, plug diameter, and gas flow rate
calculated with Equation (18).

The expansion angle of the bubble plume increased with the gas flow rate, but it
also demonstrated a dependence on the plug diameter (Figure 7). As the diameter of the
porous plug decreased, the expansion angle decreased, as shown by an area of the open
eye (see Figure 11). The velocity of helium bubbles was small, so the helium bubble plume
expanded slightly leading to a lower half-expansion angle of the helium plume under the
same conditions as the argon plume (see Figure 7). This, however, does not match the
results from [31], where the helium/water jet expanded more rapidly than air/water jets.

Helium bubbles moved more slowly than argon ones. Thereby, the helium plume
expanded less than the argon plume. Thus, the helium bubbles most likely have more
favourable conditions for expansion and coalescence in comparison to argon bubbles. It
was reflected in larger helium bubbles compared to argon bubbles (see Figure 3). The
larger bubbles in the helium/water system compared to bubbles in the air/water system
were also found in [31]. Furthermore, the gas hold-up of the helium plume was higher
than the argon plume (see Figure 5). Nevertheless, an area of the open eye was practically
independent of the physical properties of the injected gas (see Figure 11).

The experimentally obtained bubble velocity in the plume centre was compared with
the data from the literature (see Figure 13). Thereby, the following known equations for the
axial bubble plume velocity were used:
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Krishnapisharody et al. [9]

vBubble plume = 7.3·Q0.37·z−0.43,
[m

s

]
(19)

Iguchi et al. [24]

vBubble plume = 53·
(

Q2

g

)0.1

,
[cm

s

]
(20)

Iguchi et al. [25]

vBubble plume = 1.24·
(

g·Q
z

)1/3
·
((

Q2

g·z5

)1/5)−0.28

,
[m

s

]
(21)

Ebneth et al. [36]

vBubble plume = 3.81·Q0.2·z−0.003,
[m

s

]
(22)

Scheller et al. [45]
vBubble plume = 38.784·Q0.226,

[cm
s

]
(23)

where z is axial coordinate in [m] or [cm]. In Equation (23) the gas flow rate has unit
[L/min].

From Figure 13, the literary equations give different results for the same gas flow rates.
These equations do not take into account the gas density or nozzle/plug diameter.

5. Conclusions

The present work deals with investigations of the ladle stirring process using a water
model of a 30 t ladle with a geometric similarity of 4.5. Thereby, the effect of the injected
gas density and nozzle diameter was studied. Prior to experiments, the known similarity
criteria from the literature, which were used for investigation of stirring processes in a ladle,
were reviewed and compared. Unfortunately, different criteria predicted totally different
gas consumption on the water model when modelling the processes in an industrial ladle.
Based on this review, the modified Morton number was chosen for the current study
to relate the gas flow rate in the model to real objects. In order to assess the effect of
the injected gas density and nozzle diameter, all experiments were carried out with the
same gas flow rates. Based on the experimental results, the following conclusions can be
formulated:

• It was observed that, regardless of the gas density, an increase in a gas flow caused an
increase in a bubble diameter.

• Diameter of the gas bubbles formed when helium was used was about 10% greater in
comparison to argon, but only for a gas flow rate greater than 50 L/h.

• Regardless of the gas density, the diameters of bubbles were larger for the porous plug
with a smaller diameter (20 mm) for the same gas flow rate. This means that in the
real process, an enlargement of the plug diameter due to erosion can result in poorer
mixing conditions due to lower kinetic energy of the bubbles with smaller diameters.

• Increasing the plug diameter reduced the bubble rising velocity. The helium bubble
velocities were lower than those of the argon bubbles for the same gas flow rate and
plug diameter.

• Axial gas hold-up in case of helium as a stirring gas was higher every time in compar-
ison to argon for all conducted experiments.

• As the porous plug diameter decreased from 30 to 20 mm, the axial gas hold-up in-
creased.

• Stirring with helium compared to argon caused the bubble swarm to spread at a lower
angle in the liquid.
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• Spout height increased with a gas flow rate. The plug diameter had a negligible
influence on the spout height.

• There was no effect of the gas density on the open eye formation, unlike the plug
diameter, where a smaller plug produced a smaller open eye at the surface area, which
was expected and consistent with the industrial practice.

• The velocities of gas bubbles in the plume measured in this work were compared to
results in the literature, which were obtained on water models using nozzles of a few
millimetres size and various similarity criteria. Unfortunately, the studies utilised for
comparison have not considered the gas density or nozzle diameter and provided
quite variable predictions.
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