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Comparison of Euler-Euler Approach and Euler–Lagrange
Approach to Model Gas Injection in a Ladle
Yu Liu,* Mikael Ersson, Heping Liu, Pär Jönsson, and Yong Gan
The gas injection in a ladle using a porous plug is simulated using both the
Euler-Euler and Euler-Lagrange approaches. The effects of various forces,
bubble sizes, and bubble injection frequencies on the flow pattern are
modeled. For predicting axial velocity and turbulent kinetic energy, the Euler-
Lagrange approach fits better than Euler-Euler approach with the measured
data. In the Euler-Euler approach, differences in axial velocities and turbulent
kinetic energies for various bubble sizes mainly appears in the plume zone.
In the Euler-Lagrange approach, different bubble sizes with the same
injection frequency have a small impact on the turbulence dissipation.
Furthermore, the turbulent dispersion from the gas phase to the liquid phase
has an important effect on the plume structure and spout eye formation. For
both modeling, the smaller the bubble diameter is, the larger the axial
velocity and turbulent kinetic dissipation are in the central zone. For the
bubble coalescence and breakup, according to the comparison of two
modeling approaches, the Euler-Lagrange approach is more accurate in
predicting the flow pattern for gas injection with a porous plug in the ladle.
1. Introduction

Inert gas bubbling is commonly used in metallurgical processes.
Gas injection can increase the homogenization of temperature
and alloy elements. In addition, rising bubbles can also enhance
the removal of inclusions and impurity elements such as H and
N during ladle, tundish and continuous casting processes.[1–4]

Herein, in the industrial ladle process, there are mainly three
types of plugs, namely, the hybrid plug, slot plug and porous plug
to inject argon bubbles. Different types of plugs generate various
kinds of bubble distributions. The porous plug is widely used
because the bubble number is easily controlled and stays almost
constant at the low flow rate.[5–7]

In order to study the industrial ladle system, several
experiments were carried out with porous plugs to study gas
injection. Anagbo and Brimacombe[5] used the porous plug to
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inject discrete bubbles and studied the
coalescence regime in the plume. Johansen
et al.[6] studied the distribution of the radial
and axial mean and turbulent velocities in
the plume zone with the gas bubbling by
porous plug. Joo and Guthrie[8] analyzed
the effect of the porous plug location on the
mixing mechanisms with single and dual
plug injection setups. Guo and Irons[9,10]

set up a NaOH–CO2 experimental system
to simulate the diffusion-controlled decar-
burization process in the liquid steel.
Mazumdar and Guthrie[11] investigated
energy dissipation phenomena with and
without overlying second-phase liquid at a
low gas flow rate and a s5pecific energy
input rate. Recently, a water-bean oil-
nitrogen system was set up by Liu
et al.[12] to study the mixing time and open
eye formation during gas injection.

In terms of the mathematical modeling
to study the phenomena in the gas-stirred
ladle, such as the mixing time and open eye
formation, there are commonly two advanced approaches,
namely, the Euler-Euler approach and the Euler-Lagrange
approach. For the Euler-Euler approach, the injection of
continuous gas flow in the plume is treated, and the bubble
size is set up as unique size.[13,14] However, the bubbles interact
in the plume, such as breakup, aggregation, and coalescence.[15]

Therefore, the size and shape of bubbles vary along the axial line
from the gas inlet.[15,16] Li et al.[17] combined the Eulerian
Multiphasemodel and Population BalanceModel to calculate the
effect of the bubble coalescence and breakup on the size of the
open eye, mixing time, and wall shear stress. In a recent work by
Karouni et al.,[18] the same method was employed to study the
hydrogen degassing in a vacuum arc ladle. In the Euler-Lagrange
approach, the flow pattern of the liquid phase was solved by
using Eulerian coordinates. With the consideration of bubble
particles’ interactions in the Lagrange coordinate, the forces of
individual bubbles were taken into consideration in the
formulation of the liquid phase. In Alexiadis et al. model,[19] a
used-defined population balance model was used in combina-
tion with a Discrete Phase Model to predict the statistical bubble
distribution in a quasi-steady state flow pattern. Aoki et al.[20]

developed an Euler-Lagrange model with the commercial
package ANSYS Fluent

1

to study the bubble morphology
affecting the probability of inclusion attachments. Zhang
et al.[21,22] used a similar method to study the flow pattern in
the continuous mold casting process coupled with the user-
defined code to study the interaction of bubbles. A Volume of
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Fluid Model (VOFmodel) to track the interface of the melt and a
Discrete Phase Model (DPM) to calculate the trajectory of every
individual bubble particle was used by Cloete et al.[23] to improve
the Euler-Lagrange approach. The same method was also
employed by Li et al.[24] for studying alloy dispersions. In
addition, Liu et al.[25] used a similar model to study the effect of
plug configurations on the open eye formation and the mixing
conditions. Li et al.[26,27] also used the Euler-Lagrange approach
coupled with the LES model to study the unsteady state of the
open eye.

In the Euler-Euler and Euler-Lagrange approaches, the
corresponding forces added to interact with the main momen-
tum equation are compared in Table 1a. Based on equations in
Table 1a, the drag, virtual mass, and lift forces are generated by
the relative velocity, relative acceleration, and shear force
between the gas and liquid. The turbulent dispersion force
accounts for the turbulent diffusion and momentum transfer at
Table 1. Comparison (a) and additional different forces used in the
Euler-Euler approach (b) and in the Euler-Lagrange approach (c) in
recent works.

a)

Euler-Euler approach Euler-Lagrange approach

Fdrag ¼ 3αgαlρlCD

4dg
�ug � �ulj �ug � �ulÞ

��� Fdrag ¼ 3CDρ
4ρbdbi

~ubi �~uj jð~u �~ubiÞ

Flif t ¼ αgClρlð�ug � �ulÞ � r � �ulÞð Flif t ¼ Cl
ρ
ρb

~u �~ubið Þ � r �~u

Fvirtual mass ¼ 1
2αgρlðd

�ug
dt � d �uldtÞ Fvirtual mass ¼ 1

2
ρ
ρb
ð~ubir~u � d~ubi

dt Þ

Fturbulence dispersion ¼ Kgl
Dt;gl

σgl
ðrαg
αg

� rαl
αl
Þ Discrete random walk model (Section 2.2)

Fpressure gradient ¼ ρ
ρb

~u � rð Þ~u

Fbuoyancy ¼ ρb�ρ
ρb

~g

b)

Euler-Euler approach

Fdrag Flif t Fvirtual mass Fturbulence dispersion

Lou and Zhu[14,31–33] þ – – þ
Yu et al.[34–37] þ þ – –

Felice, Bellot, and coworkers[38,39] þ þ þ þ
Huang et al.[40] þ þ þ –

Li et al.[17] þ þ þ –

Karouni et al.[18,41] þ þ þ þ
Present paper þ þ þ þ
c)

Euler-Lagrange approach

Fdrag Fbuoyancy Fvirtual mass Fpressure gradient Flif t

Aoki et al.[20] þ – þ þ þ
Singh et al.[30] þ þ – – –

Cloete et al.[23] þ þ – – –

Li et al.[24] þ þ þ þ þ
Liu et al.[25] þ þ þ þ –

Li et al.[26,27] þ þ þ þ –

Present paper þ þ þ þ –
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the interphases in the dispersed flows. The buoyancy force and
the pressure gradient force are generated by the density
difference between the gas and liquid.[28,29] The recent works
with various options of forces using both approaches are
summarized in Table 1b and c. Moreover, in Zhang’s work,[2] the
empirical equations for the bubble diameter in liquid steel were
concluded, but in some works these equations were also used for
bubble diameters’ estimation when using the Euler-Euler[14] and
Euler-Lagrange[30] approaches of water-air systems. The compar-
ison of bubble sizes derived by these formulas are shown in
Table 2.

Inpreviousworks, theparameters for theEuler-EulerandEuler-
Lagrange approaches are approximate and not accurately linked
with actual physical modeling results. However, the stirring
dynamic given by gas bubbling crucially influences the open eye
formation and species transport. Therefore, it is meaningful to
clarify the relations of parameters for themomentum transport in
the mathematical models to prepare for further analysis. In the
present paper, two approaches are compared to study the various
forces generatedby thegas injectionby the porous plug to describe
the flow pattern in ladles. The flow pattern affected by the bubble
generation and rising pattern are compared with existing
experimental data.[5] For the soft bubbling with a lower flow rate
of 200 cm3 s�1, discrete bubbles are generated and bubble
interacted very few during rising up, so the Euler-Lagrange
approach was preferably chose to describe the flow pattern in this
condition. For the intense stirring with a higher flow rate of
120 cm3 s�1, the volume fraction of gas in the plume is much
larger, therefore the Euler-Euler approach was better employed to
describe the flow pattern in this condition.
2. Mathematical Models

In the present paper, the commercial software ANSYS Fluent
19.1 is used to solve the governing equations. In the Euler-Euler
approach, the Eulerian Multiphase Model[48] is used to calculate
two sets of equations for the gas and liquid phases in Eulerian
coordinates. The Population Balance Model[49] is employed to
predict the bubble distribution along the height direction under
a quasi-steady state. In the Euler-Lagrange approach, the Volume
of FluidModel[48] is used to track the interface of different phases
in the Eulerian coordinate system. The bubble particles are
tracked by the Discrete Phase Model[48] in the Lagrange
coordinate system. The O’Rourke’s Algorithm[50] in the Discrete
PhaseModel is used to determine the bubble collision condition.
The breakup of discrete bubbles with the diameter less than
2mm are not considered.
2.1. Euler-Euler Approach (E-E Approach)

In the Euler-Euler approach, multiple sets of equations of
continuity, momentum, turbulent energy and dissipation rate
are calculated for each phase. For a better description of plume
structure, the effect of forces, such as the virtual mass force, drag
force, lift force, and turbulent dissipation force are considered in
the momentum equation. Therefore, the following conservation
equations are solved:
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 13)
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Table 2. Empirical equations of bubble diameter.

Gas injection Equation Water-air system Steel-argon system

Davidson, Mori et al.[42] Nozzle
db ¼ 13:7

Q2
g d0
g

� �h i0:1445 55.4mm

Sano and Mori[14,43] Nozzle
db ¼ 6σd0

ρl g

� �2
þ 0:0248� Q2

gd0
� �0:867

	 
1=6 28.5mm 28.5mm

Davidson and Schtiler[25,30,44] Porous plug
db ¼ 0:35� Q2

g

g

� �0:2 15.0mm 15.0mm

Anagbo and Brimacombe[5] Porous plug 3–50mm

Sahai and Guthrie[45] Nozzle
db/ σ

ρl

� �0:5 5.1mm 17.5mm

Sheng and Irons[46,47] Nozzle 10mm, 15mm
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Continuity equation:

@

@t
αqρq

� �
þr � αqρq~u

� �
¼ 0 ð1Þ

(q ¼ l is the equation for liquid phase, q ¼ g is the equation for
gas phase)

Momentum equation:

@

@t
αqρq~uq

� �
þr � αqρq~uq~uq

� �
¼ �αqrpþr � αq μþ μtð Þ r~uq þr~uT

q

� �� �
þ αqρ~g

þ~Fdrag;q þ~FTD;q þ~Fvm;q þ~F lif t;q ð2Þ

Population Balance Model
Transport equation:

@

@t
n V; tð Þð Þ þ r � ~uin V; tð Þð Þ ¼ Bag;i � Dag;i þ Bbr;i �Dbr;i ð3Þ

Bag;i ¼ 1
2

Z V

0
Ωag V � V 0;V 0ð Þn V � V 0; tð Þn V 0; tð ÞdV 0

Dag;i ¼
Z 1

0
Ωag V;V 0ð Þn V; tð Þn V 0; tð ÞdV 0 ð4Þ

Bbr;i ¼
Z 0

ΩV

pΩbrn V 0; tð ÞdV 0;Dbr;i ¼ g Vð Þn V; tð Þ ð5Þ

The Luo Aggregation Kernel[51] is used to calculate the
collisions of bubbles with volumes Vi and Vj:

Ωag Vi;Vj
� � ¼ ωag Vi;Vj

� �
Pag Vi;Vj

� � ð6Þ

where ωag is the frequency of collision and Pag is the probability
that the collision results in coalescence.

ωag Vi;Vj
� � ¼ π

4
dj þ dj
� �2

�uij ð7Þ
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where �uij is the characteristic velocity of collision of two bubbles
with diameters di and dj.

�uij ¼ �u2i þ �u2j
� �1=2

ð8Þ

where

�ui ¼ 1:43 edið Þ1=3 ð9Þ

The expression for the probability of aggregation is:

Pag Vi;Vj
� � ¼ exp �c1

0:75 1þ x2ij

� �
1þ x3ij

� �h i1=2
ρ2
ρ1
þ0:5

� �1=2
1þ xij
� �3 We1=2ij

8><
>:

9>=
>;
ð10Þ

where c1 is a constant of order unity, xij ¼ di=dj, ρ1, and ρ2 are the
densities of the primary and secondary phases, respectively, and
the Weber number is defined as:

Weij ¼
ρldi �uij

� �2
σ

ð11Þ

The Luo Breakage Kernel[52] is used to calculate the breakup of
bubbles with volumes Vi and Vj:

Ωbr ¼ g V 0ð Þβ VjV 0ð Þ
¼ 0:9238α

e

d2

� �1=3Z 1

ξmin

1þ ξð Þ2
ξn

exp �bξmð Þdξ ð12Þ

ξ ¼ λ=d is the dimensionless eddy size.
2.2. Euler-Lagrange Approach (E-L Approach)

In the Euler-Lagrange approach, a set of equations for
continuity, momentum, turbulent energy and dissipation rate
are calculated. The conservation equations are shown as
follows:
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 13)
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Continuity equation:

@ρ

@t
þr � ρ~uð Þ ¼ 0 ð13Þ

Momentum equation:

@

@t
ρ~uð Þ þ r � ρ~u~uð Þ ¼ �rpþr

� μþ μtð Þ r~u þr~uT
� �h i

þ ρ~g

þ Fs þ Fbi ð14Þ

Volume of Fluid Model (VOF Model)
In the VOFmodel, the equation of the cell’s volume fraction is:

@αq
@t

þ~u � rαq ¼ 0 ð15Þ

Σαq ¼ 1 ð16Þ

The density and viscosity of mixed fluid in each cell are as
follows:

ρ ¼ αgρg þ 1� αg
� �

ρl ð17Þ

μ ¼ αgμg þ 1� αg
� �

μl ð18Þ

(q is the fluid phase. e.g., liquid and gas)
Continuum Surface Force Model (CSF Model)

Fs ¼ σ
ρκrαl

0:5 ρl þ ρg

� � ð19Þ

where κ ¼ r � n̂,n̂ ¼ ~n
~nj j, ~n ¼ rαg , κ is curvature (m�2).

Discrete Phase Model (DPM Model)
In the discrete phase model, the forces, such as the virtual

mass, buoyancy, drag, lift, and pressure gradient forces, are
added on each bubble particle optionally. Themomentum source
term is added to the continuous phase momentum by summing
up the local contributions from each bubble in the continuous
phase flow field:

d~ubi

dt
¼~u �~ubi

τr
þ~gðρb � ρÞ

ρb
þ~Fother ð20Þ

τr ¼ ρbd
2
bi

18μ
24

CDRe
ð21Þ

Fbi ¼
X

~Fdrag þ~Fbuoyancy þ~Fother

� �
_mbΔt ð22Þ

CD is drag coefficient, ~Fother is the additional force, Δt is the
time step, _mb is the mass flow rate of bubbles through each
control volume.
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Collison and Discrete Coalescence Model
The O’Rourke’s algorithm[50] is used to calculate the bubble

collision. Themean expected number of collisions is calculated as:

�n ¼ n2πðr1 þ r2Þ2vvelΔt
Vcell

ð23Þ

The probability distribution of collision follows a Poisson
distribution,

P nð Þ ¼ e��n
�nn

n!
ð24Þ

The critical offset is calculated as

bcrit ¼ r1 þ r2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
min 0:1;

2:4f
We

� �s
ð25Þ

where f is defined as r1=r2ð Þ3 � 2:4� r1=r2ð Þ2 þ 2:7� r1=r2ð Þ, and
Weber number is defined as

ρu2rel
�db

σ , urel is the relative velocity

between two parcels and �db is mean diameter of two parcels. The
actual value of collision b, is (r1 þ r2Þ

ffiffiffiffi
Y

p
, Y is a random number

between 0 and 1.
If b < bcrit, the result of collision is coalescence. Based on the

conservation of momentum and kinetic energy, the mass of the
new bubble is m ¼ m1 þm2, and the velocity of new bubble is
v ¼ m1v1þm2v2

m . Otherwise, the result of the collision is the grazing
collision, the bubble mass is unchanged and the velocity updates

to v0i ¼ miviþmjvj
miþmj

þ mj vi�vjð Þ
miþmj

b�bcrit
r1þr2�bcrit

� �
.[53]

Standard Parcel Release Method
In this method, a single bubble parcel is injected per injection

stream per time step. The number of bubble particles in the
parcel is determined as follows:

NB ¼ _ms
Δt
mb

ð26Þ

where NB is the number of bubble particles in a bubble parcel,
_ms is the mass flow rate of the bubble stream, Δt is the time step,
and mb is the particle mass.

For the Euler-Lagrange approach in this paper, there is only
one bubble particle in each parcel, which means that each parcel
represents a bubble.

Discrete Random Walk Model
In the Euler-Lagrange approach, the discrete random walk

model is used to describe the interaction between bubble
particles and turbulence eddies in the fluid phase. The velocity
fluctuation of eddies are treated as isotropic, as follows:

ui ¼ �ui þ u0 ¼ �ui þ ζ
ffiffiffiffiffiffiffiffiffiffi
2k=3

p
ð27Þ

where ζ is a normally distributed random number greater than
zero and less than 1.

The time scale can influence the lifetime of eddies to transfer
momentum in the plume zone indirectly. So the time scale has
an influence on the characteristics of the plume, such as the
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 13)
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velocity and turbulent dispersion distribution in the plume and
the plume width.
2.3. Turbulence Model

In the Euler-Euler approach and Euler-Lagrange approach, the
realizable k-emodel, which contains two equations of turbulence
kinetic energy k and its dissipation rate e, is used to solve the
turbulence properties in the viscous flow.
3. Boundary Conditions and Solution Methods

The mesh and boundary conditions in the Euler-Euler and
Euler-Lagrange approaches are shown as Figure 1. The
parameters used in the calculation are listed in Table 3a.
The comparison of the solvers and solution methods is
illustrated in Table 3b and c. In the Euler-Euler approach, the
detailed simulation condition was applied as follows: the
outlet condition was set up as degassing, meaning that
dispersed gas bubbles were allowed to escape and the
continuous liquid phase considered the boundary as a free-
slip wall and could not leave the domain; no slip boundary
condition was used at the wall; the inlet velocity boundary
condition was used to give a gas injection with a constant
velocity; the pressure-based solver was chosen to calculate the
equations in the transient mode; the multiphase formulation
was solved implicitly with a Coupled scheme. In the Euler-
Lagrange approach, a pressure-outlet condition was employed
at the outlet boundary; no slip boundary condition was also
used at the wall but inlet boundary condition was used to
inject bubble parcels in the DPM model; the pressure-based
solver was chosen to solve the multiphase formulations
explicitly with a Pressure-Implicit with Splitting of Operators
(PISO) scheme.
Figure 1. Computational mesh and boundary condition. a) Euler-Euler app

steel research int. 2019, 90, 1800494 1800494 (5
4. Results and Discussion

4.1. Mesh Sensitivity

Because the discretization error has been influenced by the
calculation grid size,[54,55] the mesh sensitivity should be firstly
checked with different grids when using the Euler-Euler and
Euler-Lagrange approaches, respectively. In the Euler-Euler
approach, the domains with grid numbers of 81 120, 187 360,
and 358 600 are used to construct the calculation systems. The
comparisons of velocity magnitude and turbulent kinetic energy
at z¼ 200mm are shown in Figure 2a and b. The difference of
calculation results with the grid of 187 360 and 358 600 are
within 5%, and the difference ratios are 1.9% and 4.96% for the
velocity magnitude and turbulent kinetic energy on the axial line.
However, the results with the grids of 81 120 and 358 600 have a
large difference ratio of 7.50% and 48.76% for the velocity
magnitude and turbulent kinetic energy on the axial line.
Therefore, the mesh with the grid number of 187 360 is used to
compare the effects of different parameters on the calculation
results using when the Euler-Euler approach. The same
comparison is also performed for the Euler-Lagrange approach.
Here, the grid numbers of 135 465, 277 200, and 556 875 are used
to construct the calculation systems, respectively. The compar-
isons of velocity magnitude and turbulent kinetic energy at
z¼ 200mm are shown in Figure 2c and d. The domain with the
grid number of 277 200 is used to compare the effects of
different parameters on the calculation results in the Euler-
Lagrange approach.
4.2. Effect of Different Bubble Sizes on the Flow Pattern in
the Euler-Euler Approach

Under the gas flow rate of 1200 cm3 s�1, the axial bubble
diameter is between 22mm and 50mm.[5] According to the
roach, b) Euler-Lagrange approach.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 13)
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Table 3. Physical parameters (a), dimensions of ladle (b), and boundary conditions (c) used in the simulation.

a)

ρwater [kgm
–3] ρair [kgm

–3] μwater [kg (m s)–m] μair [kg (m s)–m] σ [Nm–1]

998.2 1.225 1.003e�3 1.7894e�5 0.0728

b)

Euler-Euler approach (Eulerian multiphase model) Euler-Lagrange approach (VOFþDPM)

Diameter of ladle 500mm 500mm

Height of ladle 400mm 550mm (400mm steel filled height)

Diameter of porous plug 60mm 60mm

Wall No-slip No-slip

Outflow Degassing Pressure-outlet

Solver type Pressure-based, transient Pressure-based, transient

Formulation Implicit Implicit

Pressure-velocity coupling scheme Coupled PISO

Convergence criteria 10�4 10�4

Time step size 1�10�4 s 1�10�4 s

www.advancedsciencenews.com www.steel-research.de
comparison in Table 1a, the bubble size mainly influences the
drag force to interact with the momentum calculation in each
control volume. In the Euler-Euler approach, the bubble sizes of
5, 20, 35, and 50mm are compared.
Figure 2. The velocity magnitude and turbulent kinetic energy at z¼ 200mm
approach with different grids. a) Velocity magnitude in the Euler-Euler appr
magnitude in the Euler-Lagrange approach, and d) Turbulent kinetic energy

steel research int. 2019, 90, 1800494 1800494 (6
In Figure 3, the water axial velocity, radial velocity, and
turbulent kinetic energy at different heights with different
bubble sizes are compared. According to the comparison of the
water axial velocity with experiment data[5] in Figure 3a, the
(half in the axial direction) in the Euler-Euler approach and Euler-Lagrange
oach, b) Turbulent kinetic energy in the Euler-Euler approach, c) Velocity
in the Euler-Lagrange approach.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 13)
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prediction of axial velocity is 83–165% larger than the
experimental data around the plume zone. However, the plume
width is 30–48% smaller than the measured value. In Figure 3b,
it is clear that the Euler-Euler approach predicts the rotational
flow at the central height in the ladle less accurately than when
using Euler-Lagrange approach. In terms of the effect of
different bubble sizes on the flow pattern, the smaller bubble
size predicts the narrower plume width, larger axial velocity and
larger turbulent kinetic energy. However, the radial velocity is
not affected to a large extent. Moreover, the differences between
axial velocity and turbulent kinetic energy values for various
bubble sizes mainly appear at the plume zone, shown as
Figure 3a and c. Therefore, if the inclusion removal and open eye
formation are calculated using the Euler-Euler approach, the
effect of bubble size in the plume zone can be neglected outside
the plume zone but not for central plume zone. In previous
studies, Sahai and Guthrie,[45] Stapurewizc and Themelis[56]

argued that the flow recirculation and mixing condition were
independent if the gas injection was done by nozzle, tuyere, or
plug. So no matter the bubble distribution is, the total injection
dynamic has no difference at the same flow rate. However, the
bubble size has an obvious impact on the velocity pattern and
turbulence distribution when using the Euler-Euler approach.
Figure 3. a)Theaxial velocity, b) radial velocity, andc) turbulent kinetic energy
at different heights in the Euler-Euler approach with different bubble sizes.
4.3. Effect of Different Bubble Sizes and Bubble Generation
Frequency on the Flow Pattern in Euler-Lagrange Approach

Based on the Standard Parcel Release Method, the relation
among the gas flow rate, bubble diameter, bubble injection
frequency, and bubble number per unit injection time are
calculated as follows:

Q ¼ 4
3
�π� db

2

� �3

�f �Nb ð28Þ

where Q is the total flow rate (m3/s), db is the bubble diameter
(m), f is the bubble injection frequency (s�1), Nb is the bubble
number per unit injection time (stream number). In the actual
experiment with gas injection at a flow rate of 200 cm3 s�1, the
bubble frequency is about 104 s�1 at a position 30mm above the
porous plug. In the present paper, the bubble frequency is
chosen as 100 s�1 in order to facilitate a comparison with various
bubble injection conditions, shown as Table 4. The relationship
among the bubble injection frequency, bubble diameter and
bubble number per unit injection time are linked and various
bubble generation patterns are shown in Figure 4. The predicted
axial velocity is compared with experiment data[5] in
Figure 5a and c. For the axial velocity, the comparison shows
that the simulation result is consistent with experiment data
among different injection patterns. It is shown that the bubble
injection pattern does not have critical influence of the velocity
distribution at the same flow rate, which is consistent with the
experimental result in previous studies.[45,56] The turbulent
kinetic energy with different bubble generation pattern is
compared at the central height and at the gas–liquid interface. In
Figure 5b, it is shown that different injection frequencies with
the same bubble size do not have an obvious influence on the
turbulence dissipation, because the bubble injection is
steel research int. 2019, 90, 1800494 1800494 (7
symmetrical. In Figure 5d, it is shown that different bubble
sizes with the same injection frequency have a small impact on
the turbulence dissipation. The smaller the bubble diameter is,
the larger the axial velocity and turbulent kinetic dissipation are
in the central zone.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 13)
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Table 4. Parameters of gas injection in the water experiment.[5]

Diameter of porous plug Pore size Flow rate Group Bubble frequency [f ] Bubble diameter [db] Stream number [Nb]

[mm] [mm] [cm3 s�1] [s�1] [mm]

A 100 2 480

B 200 2 240

60 1mm 200 C 1000 2 48

D 100 1 3840

E 100 4 60
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4.4. Effect of Turbulent Dispersion in the Euler-Lagrange
Approach

To describe the turbulent dispersion in the Euler-Lagrange
approach, the Discrete Random Walk Model is used to calculate
the kinetic energy dissipationof eddies. The characteristic lifetime
of the eddy is defined as a constant τe ¼ 2TL, and TL is the fluid
Lagrangian integral time which may be expressed as follows:

TL ¼ CL
k
e

ð28Þ

where CL is a constant to be determined as it is not well known.
For the standard k-e model and its variants, the default value of
CL is 0.15.
Figure 4. Regime of discrete bubbles formed when injecting gas through poro

steel research int. 2019, 90, 1800494 1800494 (8
On the one hand, the bubble behavior in the primary region is
mainly related to the inlet momentum. On the other hand, the
bubble behavior is mainly controlled by the rising distance in the
buoyancy region.[57,58] The velocity and turbulence dissipation of
bubbles have a major impact on the stirring pattern in the ladle
as well as on the spout eye formation at the gas-liquid
interface.[11,59] In the Euler-Lagrange approach, the turbulent
dispersion between bubble particles and turbulent eddies has a
large influence on the plume structure, as shown in Figure 6a–d.
Based on the experimental data,[5] the plume width is chosen as
the boundary of the plume with gas fractions equal to zero in the
gas fraction profile. For the mathematical modeling, the plume
width is measured as the boundary with the ratio including total
gas particles larger than 99%. In the actual experiment, the
plume waggles because of the bubbles’ random rising. However,
us plugs. Experiment is reproduced with permission.[5] 1990, Springer US.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 13)

http://www.advancedsciencenews.com
http://www.steel-research.de


Figure 5. The velocity magnitude and turbulent kinetic energy at different heights with different bubble injection frequencies and bubble sizes. a) Velocity
magnitude with different injection frequencies, b) Turbulent kinetic energy with different injection frequencies, c) Velocity magnitude with different sizes,
and d) Turbulent kinetic energy with different sizes.
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in the mathematical modeling, the realizable k-e model is an
average method. Although the Discrete Random Walk Model is
added, the plume swing is underestimated to a certain extent. In
Figure 6e, with the constant CL increasing, the plume becomes
wider. In the model, the default value of CL is 0.15 in which the
plume width predicted by modeling is less than the experimental
result. In Figure 6f, when the constant CL increases, the spout
width increaseswhile the spout height decreases. According to the
plumestructure inFigure6a, in theprimaryzone, theplumewidth
decreases along the axial direction from the plug exit because of
counteraction by the liquid stirring; in the transition zone, the
bubble velocity increases and reaches the terminal velocity. At the
same time, the plume width increases because of the bubble
turbulent energy dispersion to the surrounding liquid. In the
buoyancy zone, the bubble rises up vertically and the plumewidth
stays fairly constant. When the constant CL is 0.15, the modeling
Figure 6. Influence of the time scale constant on the plume structure. a) Expe
size. Experiment is reproduced with permission.[5] 1990, Springer US.

steel research int. 2019, 90, 1800494 1800494 (9
result gives a similar trend that the plume width increases more
gradually along the axial direction from the plug exit.
4.5. Bubble Coalescence and Breakup

4.5.1. Transition Theorem between the DPM Model and the
VOF Model

For the bubble cluster generated by the porous plug, the bubble
size is mainly determined by the pore size. The initial bubble
size can be assumed to be constant at 2mm. With the flow rate
increasing, the bubble injection frequency rises, and the
possibility of bubble coalescence also rises, so the discrete
bubbling regime gradually changes to a transition coalescence
regime, then jetting bubbling. For the discrete bubbling regime,
riment, b) CL ¼ 0, c) CL ¼ 0.05, d) CL ¼ 0.15, e) plume width, and f) spout
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Figure 8. Three different bubbling regimes for porous plug and their bubble distribution along the vertical distance from bottom. a) and d) 200 cm3 s�1,
b) and e) 600 cm3 s�1, c) and f) 1200 cm3 s�1, g) Bubble distribution along the vertical distance from bottom.

Figure 7. Transition mechanism between VOF model and DPM model.
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Figure 9. Bubble distribution along the vertical distance from bottom. a) Previous work, b) Present work.
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the Euler-Lagrange approach is well-suited to use because the
volume fraction of gas in the plume zone is low. For the jetting
regime, the Euler-Euler approach is more suitable and the
population balancemodel can be coupled to account for the bubble
size distribution.[17] The Euler-Lagrange can also be improved to
describe the transition coalescence regime and jetting regime, and
thepopulationbalancemodel isuser-definedandcombinedwiththe
Euler-Lagrange approach.[19] But the gas volume fraction in the
domaincannotbeproperlydescribed. In thepresentpaper, thesmall
bubblecanbe trackedin theLagrangecoordinateusingDPMmodel.
Meanwhile, the large bubble can be transferred to be tracked in the
Eulerian coordinates using a VOFmodel. The bubble droplet size
can be statistically analyzed using a user-defined function code. The
gasphasecanbetrackedby thetransitionmethodfromDPMtoVOF
using a user-defined code,[60,61] and the vice versa of transition
method fromVOFtoDPMis calculatedbyusinganewmodel in the
ANSYS Fluent package,[48,62,63] as shown in Figure 7.

The modeling of the bubble coalescence and breakup are
comparedwith experimental data[5] inFigure 8a–f. For the discrete
bubblingwith 200 cm3 s�1, a small part of discrete particles collide
in the central plumezone.Only a few small size bubbles between3
and 4mm are tracked by the VOFmodel. With the gas flow rate
increasing to 600 cm3 s�1,more discrete particles collide and large
bubbles with 20–35mmdiameters appear.However, there are still
a largenumberofdiscretebubbleparticlesoutside theplumezone.
When the gas flow rate increases to 1200 cm3 s�1, most of the
bubble particles disappear and are directly combined into large
bubbles of 23–42mm at the injection zone of porous plug. Five
figures in the calculation result are post-processed to get the
average value of the bubble diameter. The bubble distributions
along the vertical position from the bottom with various gas flow
rates are also compared with experimental data in Figure 8g. For
the bubble size distribution along the vertical direction, the bubble
diameter decreases as the distance from the bottom increases.
4.5.2. Bubble Breakup and Coalescence in the Euler-Euler
Approach Coupled with the Population Balance Model

The bubble distributions along the vertical direction in two
previous models[18,19] are compared with experimental data[5] in
Figure 9a. It is shown that the Discrete Phase Model is better
steel research int. 2019, 90, 1800494 1800494 (1
than the Eulerian Multiphase Model in predicting the bubble
distribution when considering bubble collisions, coalescences,
and breakups. The governing equations to describe bubble
behaviors in the Population Balance Model are given in Section
2.2.4.

In the present work, the Eulerian Multiphase Model
coupled with Population Balance Model are also used to
predict the bubble size distribution. The calculation systems
in Figure 1a and b are used for the condition without top gas
(non-free surface) and with top gas (free surface), respectively.
In the calculation modeling without top gas, the degassing
condition is applied on the gas outlet boundary for a flat non-
free surface, so the bubble size distribution is controlled by
the model itself. Nevertheless, in the modeling of the gas
leaving the melt, the bubble diameter can be adjusted
manually. The bubble diameter along vertical distance from
the bottom in two calculation systems are compared in
Figure 9b. It is shown that the calculation system using gas
backflow as an outlet boundary condition is better than the
system using degassing as an the outlet boundary condition.
However, for the calculation, the drawback of this model is
that a decreasing rate of the bubble diameter along the vertical
distance from the bottom is different from the actual
condition: in the experimental data, the bubble diameter
decreases sharply at the primary zone and the decreasing rate
of the bubble diameter along the vertical distance from the
bottom decreases gradually. However, in the calculation, the
bubble diameter also decreases to a lower extent at the
primary zone and the bubble diameter decreases sharply at
the surface zone.
5. Conclusions

The paper presents the flow pattern in the ladle using the
Euler-Euler approach and Euler-Lagrange approaches. The
effects of various forces, bubble sizes and bubble generation
frequencies on the flow pattern have been discussed. In the
Euler-Euler approach, differences of axial velocity and
turbulent kinetic energy values with various bubble sizes
mainly appear at the plume zone. In the Euler-Lagrange
approach, the simulation result is consistent with the
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 of 13)
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experiment data among different injection patterns with
different bubble injection frequencies and bubble sizes.
Furthermore, different injection frequencies with the same
bubble size do not have an obvious influence on the
turbulence dissipation, otherwise, different injection fre-
quencies with the same bubble size has a small influence on
the turbulence dissipation. When the turbulent dispersion
increases, the plume width and the spout eye width increases
while the spout eye height decreases. For both modeling
approaches, the smaller the bubble diameter is, the larger the
axial velocity and turbulent kinetic dissipation are in the
central zone. For the bubble coalescence and breakup, the
Euler-Euler approach and Euler-Lagrange approach are
compared. In the Euler-Lagrange approach, the improved
model for the bubble distribution including a transition
between the DPM model and the VOFmodel agrees well with
the experimental result; in the Euler-Euler approach, the
Eulerian Multiphase Model coupled with Population Balance
Model has a drawback of decreasing rate of the bubble
diameter along the vertical distance from the bottom.
Regarding the comparison of the two approaches, the
Euler-Lagrange approach is more accurate in predicting the
flow pattern for gas injection with a porous plug in the ladle.
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Nomenclature
db B
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ubble diameter (m)

d I
nner nozzle diameter (m)

ρ, ρl, ρg , ρb M
ixture density; liquid density; gas density; density

of bubble particles (kgm�3)

αl αg L
iquid volume fraction; gas volume fraction

~u, ~uq, ~urel, ubiV
elocity component of mixture fluid; velocity

component of liquid phase; relative velocity
between gas and liquid; bubble particle velocity;
plume velocity (m s�1)
g A
cceleration of gravity (m s�2)

p T
otal pressure (Nm�2)

μ, μt m
ixture viscosity; turbulent viscosity (kgm�1 s�1)

Fs S
urface tension force (Nm�3)

σ S
urface tension coefficient (Nm�1)

κ C
urvature (m�2)

Bag,i, Bbr,i B
irth term due to aggregation; birth term due to

breakage

Dag,i, Dbr,i D
eath term due to aggregation; death term due to

breakage

FDi D
rag force (N)

Qbi B
ubble injection mass flow rate (kg s�1)
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ime step (s)

V V
olume of the bubble (m3)

τr B
ubble relaxation time
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