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Based on the Euler–Euler approach, a mathematical model is established to describe gas and
liquid two-phase flow in the gas-stirred system for steelmaking, and the influences of the
interphase force including turbulent dispersion force, drag force, and lift force are investigated.
The modified k–e model with extra source terms to account for the bubble-induced turbulence is
adopted to model the turbulence in the system, and the simulation results of gas volume frac-
tion, liquid velocity, and turbulent kinetic energy are compared with the measured data. The
results show that the turbulent dispersion force dominates the bubbly plume shape and is
responsible for successful prediction of the gas volume fraction. The bubble-induced turbulence
has a significant influence on the liquid turbulence, and the conversion coefficient Cb, which
denotes the fraction of bubble-induced energy converted into liquid turbulence, should be in the
range of 0.8 and 0.9. The drag force also strongly influences the bubbly plume dynamics, and the
coefficient model proposed by Kolev performs the best for determining the drag force; however,
the lift force and bubble diameter do not have much effect on the current bubbly plume system.
For different gas flow rates, the current Euler–Euler approach predictions are more consistent
with the measured data than the Euler–Lagrange approach and the early Euler–Euler model.
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I. INTRODUCTION

THE gas-stirred system is of enormous importance in
steelmaking process, and bubbly plume flow is produced
by the blowing of inert gas through the ladle bottom
(Figure 1), which usually is used to promote stirring of
melt and chemical reactions, to enhance inclusion
removal, and to homogenize the temperature and com-
position of the melt. In some cases, it can also be treated
as transport carrier to injection powder, such as desul-
furization powder and alloy powder. Because the most
intensive mass and heat transfer occur in the bubbly
plume region, it is vital to acquire more knowledge of the
plume behavior in the gas-stirred system.

Currently, there is a quasi-single-phase model[1–10]

and a two-phase model[11–22] to describe the gas–liquid
two-phase flow in a gas-stirred ladle, and the two-
phase model can be divided into the Euler–Lagrange
approach[11–15] and Euler–Euler approach,[16–23] depend-
ing on how the dispersed phase is treated. These models
have their own advantages and disadvantages.

In quasi-single-phase model, the gas–liquid mixture
phase is modeled as a homogeneous fluid with reduced
density such as q ¼ aqg þ 1� ag

� �
ql; where ag is the gas

volume fraction, and this model is computationally
more economical than the two-phase model. However,
because the interaction forces between gas and liquid

two-phase, such as drag force, lift force, etc., are
neglected in the model, the velocity and turbulent
kinetic energy could not be described properly in the
bubbly plume region. Furthermore, it has been also
recognized that the gas volume fraction distribution in
the ladle needs to be prespecified and usually obtained
from empirical correlations, so the application of the
model is limited.
In the Euler–Lagrange approach, the mass and

momentum conservation equations are solved only for
liquid phase under an Eulerian reference frame, and the
discrete phase is treated as individual particles and their
trajectories are described by integrating the force bal-
ance on particle under a Lagrangian reference frame. In
this approach, the interphase forces are taken into
account through the momentum source term, and the
simulation results agree well with measured results
under a low gas flow rate. However, the application of
the Euler–Lagrange approach assumes that the particle
volume fraction is generally not more than 12 pct,[24]

and the impact among particles is ignored. The coordi-
nate system is different between discrete phase and
continuous phase, and the discrete phase does not
occupy any space continuous volume under the Eulerian
coordinate system, so the effect of the volume fraction of
the discrete phase on the continuous phase is neglected.
To solve this problem, Sheng and Irons[12,13] and Guo
and Irons[14] calculated the time-averaged bubble vol-
ume fraction by statistics of number and residence time
of discrete particles in grid control cell as Eq. [1],

ag ¼
1

TVcell

XN

i¼1
Vbub;pidti ½1�
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where Vcell is the grid cell volume, N is number of
bubbles particle released from the gas inlet, and Vbub,pi,
dti are the volume and residence time of the ith bubble in
the control cell volume, respectively. Even so, the time-
averaged gas volume fraction is still affected by grid size
and the particle number released from the gas inlet, and
the particle stochastic trajectory will also increase the
instability of spatial distribution of the gas volume
fraction.

In the Euler–Euler approach, both phases are treated
as interpenetrating fluids, and the laws of conservation
of mass and momentum are satisfied by each phase
individually. Thus, the above mentioned difficulties do
not arise with the Euler–Euler approach. However,
compared with experimental results, the predicted
results of bubbly plume system using Euler–Euler
approach are still unsatisfactory. Several publica-
tions[22,23] employed the Euler–Euler approach to
describe the bubbly plume, but the shape of the rising
plume appeared with flat distribution and the width of
the plume was essentially the same along the vertical
direction, which is obviously inconsistent with the
experimental results. Ilegbusi et al.[18–20] used the liquid
turbulent viscosity to represent the turbulent diffusion of
phase mass, and the predicted gas volume fraction was
close to the measured data. However, the predicted
liquid velocity and turbulence were still not consistent
with the measured results.

For the Euler–Euler model, the main factors that
affect accurate predictions of gas–liquid two-phase flow
are as follows:

(a) Bubbles turbulent dispersion due to the liquid
velocity fluctuation. In the Euler–Euler approach,
the turbulent dispersion of particles is neglected due
to the averaging procedure for flow field. So, the
turbulent diffusion effects must be added in the form
of source terms of conservation equations. Ilegbusi
et al.[18–20] used the liquid turbulent viscosity
included in the source term of mass conservation
equation to represent the bubble diffusion by
assuming the phase mass diffusion similar to species
transport. On the other hand, some researchers[25–32]

considered the bubble diffusion due to extra inter-
phase force and proposed the concepts called

‘‘turbulent diffusion force’’ to describe the particle
turbulent diffusion, which was included in the source
term of momentum conservation equation. Mudde
and Simonin[32] applied this method for simulations
of a bubbly plume based on the Euler–Euler
approach, but the bubble-induced turbulence was
not considered.

(b) Interphase force. Unfortunately, there have not
been unified expressions for the drag force, lift,
virtual mass force, etc., and the different drag force
coefficient models[33–40] and the lift force coeffi-
cient[41–45] were adopted in the previous studies.
Selecting the appropriate interfacial force model is
very important for correctly predicting the gas and
liquid two-phase flow.

(c) Bubble-induced turbulence. Due to velocity slip
between the gas–liquid two phases, the additional
liquid turbulent kinetic energy is produced during
the bubble-rising process. But in different gas-stirred
systems, Cb, which denotes the fraction of bubble-
induced energy converted into liquid turbulent
kinetic energy, had a different description.[46–48]

Selecting the appropriate Cb value is the basis for
correctly predicting the turbulence of bubbly plume.

The objectives of the current work are to present a
mathematical model to describe the gas-stirred system
for steelmaking based on the Euler–Euler approach, as
well as to predict the gas volume fraction distribution
and the bubble-induced turbulence more reasonably.
Therefore, the effects of the bubble turbulent dispersion,
bubble-induced turbulence, and interphase force, such
as drag force and lift force on the bubbly plume, are
investigated, and the simulation results of gas volume
fraction, liquid velocity, and turbulent kinetic energy are
compared with the measured data. By assessing the
current model, the Euler–Lagrange approach, and the
early Euler–Euler model, some new comments for
accurately describing the bubbly plume flow in a gas-
stirred system for steelmaking with Euler–Euler
approach are given.

II. GOVERNING EQUATIONS FOR
TWO-PHASE FLUID

The flow is assumed to be isothermal and at the steady
state, and the energy balance and chemical reactions are
not involved. The liquid density is uniform constant, the
bubble density qg is treated as a function of liquid static
pressure P, and an ideal gas law is used.

qg ¼ PMWg=ðRTÞ ½2�

P ¼ Pop þ �gqlðH� zÞ ½3�

where R is the universal gas constant, MWg is the
molecular weight of gas phase, Pop is the operating
pressure, H is the bath liquid height, and z is the height
from the bath bottom.

wall

bubble

gas blowing

bubbly plume 
boundary

liquid surface

Fig. 1—Characteristics of bubbly plume flow in gas-stirred systems.
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A. Eulerian Multiphase Hydrodynamic Equations

Based on the Euler–Euler approach, the mass and
momentum balance equations are used for each phase
separately. The interaction forces between the gas and
liquid phases are considered as momentum exchange
source terms in the momentum equations.

Mass conservation:

r � akqk�ukð Þ ¼ 0 ½4�

where, qk, ak, and �uk; are the density, volume fraction,
and phase-averaged velocity of liquid phase (k = l) and
the gas phase (k = g), respectively.

Momentum conservation:

r � akqk�uk�ukð Þ ¼ � akrpþr � akleff r�uk þ r�ukð ÞT
� �� �

þ akqk�gþMk ½5�

leff ¼ ll þ lt ½6�

lt ¼ Clql

k2l
el

½7�

where �g is the acceleration due to gravity; and ll, lt, and
leff are the liquid molecular viscosity, turbulent viscos-
ity, and effective viscosity, respectively; p is the pressure,
which is shared by both the phases; and Mk is the
interfacial momentum exchange term between the gas
and liquid.

B. Interphase Forces Mk

From Eq. [5], it is noted that closure law is required to
determine the momentum transfer of the interphase
force Mk, which is described as follows:

Ml ¼ �Mg ¼ FD þ FVM þ FL þ FTD ½8�

where the terms on the right-hand side represent force
due to drag, virtual mass, lift, and turbulent dispersion
force, respectively. Here, Ml(Mg) denotes the momen-
tum transfer terms from the gas (liquid) phase to liquid
(gas) phase.

1. Drag force FD

The drag force is the dominant contribution to the
interaction force. It is common to describe the drag
force FD as follows:

FD ¼ Kgl �ug � �ul
� �

½9�

Kgl ¼
3agalqlCD

4dg
�ug � �ul
�� �� ½10�

where, Kgl is the interphase momentum exchange coef-
ficient due to drag force and dg is the diameter of the
bubbles. According to the study of Sano and Mori,[49]

the bubble diameter is calculated as follows:

dg ¼
6rd0
qlg

� �2

þ0:0248 Q2
gd0

� �0:867
" #1

6

½11�

where, Qg is the gas flow rate, d0 is the nozzle diameter,
and r is the gas–liquid surface tension coefficient.
In Eq. [10], CD is the drag force coefficient, and the

different correlations for CD are presented in Table I. In
the current model, the numerical results with these
different drag coefficients models would be compared
with the measured data, and the reasonable drag force
coefficient would be determined, which will be discussed
later.

Table I. Five Different Models for the Drag Coefficient CD

Model Correlation Reference

A
CD ¼ 24

	
Re 1þ 0:15Re0:687
� �

; if Re<1000
0:44 ; if Re � 1000



Delnoij et al.[33]

Djebbar et al.[34]

B CD ¼Max Min 24
Re 1þ 0:15Re0:687
� �

; 72Re

� �
; 83

Eo
Eoþ4ð Þ

h i
Tomiyama et al.[35,36]

C CD ¼ 2
3Eo

0:5 Ishii and Zuber[37]

D CD ¼

24=Re if Re<0:49
20:68=Re0:643 if 0:49<Re<100
6:3=Re0:385 if Re>100;We � 8 and Re � 2065:1=We2:6

We=3 if Re>100;We � 8 and Re>2065:1=We2:6

3=8 if Re>100;We>8

8
>>>><

>>>>:

Kuo and Wallis[38]

Boisson and Malin[39]

E

CDvis ¼ 24
	
Re 1þ 0:1Re0:75
� �

if CDdis<CDvis; CD ¼ CDvis

CDdis ¼ 2=3
�gqlð Þ0:5dg

r0:5

� �
1þ17:67 1�agð Þ1:286
18:67 1�agð Þ1:5

� �2

if CDvis<CDdis<CDcap; CD ¼ CDvis

CDcap ¼ 3=8 1� ag
� �2

if CDdis>CDcap; CD ¼ CDcap

8
>>><

>>>:

Kolev[40]
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2. Lift force FL

The lift force mainly includes the Saffman force due to
the shear in the mean flow and the Magnus force
resulting from the asymmetric pressure distribution
because of a particle rotation. The bubbly plume flow
is so complex that no accurate theoretical model for the
lift force is available in the literature. For the simulation
of bubbly plume flow, the lift force is calculated from
the following expression:

FL ¼ �agCLql �ug � �ul
� �

� r� �ulð Þ ½12�

where CL is the lift force coefficient, which is different
among the literature. Some authors[33,41,42] adopted a
value of 0.5, but Lopez de Bertodano et al.[43] suggested
the value between 0.02 and 0.1. There are also some
References 37, 38, 46 that show the life coefficient is
defined as negative values. For the current bubbly plume
flow, the lift coefficient was determined by comparing
the numerical results with measured data.

3. Virtual mass force FVM

If the bubbles accelerate relative to the liquid, then
part of the surrounding liquid has to be accelerated as
well, and the additional force contribution is called as
virtual mass force FVM, which can be calculated by:

FVM ¼ CAagql �
d�ug
dt
� d�ul

dt

� �
½13�

where CA is the virtual mass force coefficient. But in a
gas-stirred system, the influence of the virtual mass on
the measurement and simulation results was found to be
extremely weak.[50] The virtual mass force can be safely
neglected is based on the premise that the gas bubble
velocity gradient is very small. In the current water
model ladle, the large bubble velocity gradient only
appears in a short distance from the bottom blowing
device, and this distance relative to the whole water
model ladle can be ignored. Therefore, the virtual mass
force is neglected in the current model.

4. Turbulent dispersion force FTD

Based on the Tchen theory, some researchers[27–31]

proposed the concept of the drift velocity to express the
effect of fluid turbulent fluctuation on the particle
dispersion, and the turbulent dispersion force can be
written as follows:

FTD ¼ �Kgludrift ½14�

udrift ¼
Dt

gl

xgl

1

al
ral �

1

ag
rag

� �
½15�

where the udrift is the drift velocity, which represents
the correlation between the liquid fluctuating velocity
and the spatial distribution of the particles, xgl, a dis-
persion Prandtl number, can be set 0.75, and Dgl

t , the
turbulent dispersion coefficient, can be expressed as:

Dt
gl ¼

1

3
kgls

t
gl ½16�

where kgl is the covariance coefficient between the tur-
bulent velocity fluctuations of the two phases, and sgl

t

is a fluid bubble turbulent characteristic time.

kgl ¼ 2kl
bþ gr
1þ gr


 �
½17�

gr ¼
stgl
sFgl

½18�

stgl ¼
stl
xgl
½1þ Cbf

2��0:5 ½19�

sFgl ¼
1

Kgl
agql

qg

ql

þ CA

� �
½20�

stl¼
3

2
Cl

kq

eq
½21�

where sgl
F is the characteristic time of particle entrain-

ment by the continuous fluid motion, and sl
t is the

characteristic time of the energetic turbulent eddies.

f ¼
�ug � �ul
�� ��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3ð Þkl

p ½22�

Cb ¼ 1:8� 1:35 cos2 h ½23�

b ¼ 1þ CAð Þ
qp

qq

þ CA

 !�1
½24�

where h is the angle between the mean particle velocity
and the mean relative velocity.

C. Turbulence Models

The k–e model is originally used to solve the single-
phase turbulence, and for the gas and liquid two-phase
flow, turbulence modeling such as bubble-induced
turbulence and interaction source terms between two
phases turbulence are still the main unresolved prob-
lems.
To account for the additional turbulent kinetic energy

produced by the bubble motion, the bubble-induced
turbulence is generally accounted for by source terms
appearing in the equations of k–e.

@

@t
alqlklð Þ þ r � alql�ulklð Þ ¼ r � al

lt

rk
rkl

� �

þ alGk;l þ alGb � alqlel þ alqlPk;l

½25�

@

@t
alqlelð Þ þ r � alql�ulelð Þ ¼ r � al

lt

re
rel

� �

þ al
el
kl

C1eðGk;l þ GbÞ � C2eqlel
� �

þ alqlPe;l

½26�
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where kl, el are the turbulent kinetic energy and the
dissipation rate of the continuous phase, respectively,
and rk, re, C1e, C2e are model constants summarized in
Table II; Gk,l denotes the production of turbulence
kinetic energy due to the liquid phase mean velocity
gradients; and Gb is the additional bubble-induced tur-
bulent kinetic energy.

eR ¼ ql � qg

� �
gag�ug ½27�

eD ¼ ql � qg

� �
gag �ug � �ul
� �

½28�

In a turbulent rising bubble plume, eR is the total rate
of pressure energy lost by the bubble, and eD is the rate
of the energy converted into turbulence and spent in the
viscous dissipation, which depends only on the slip
velocity.[51]

Gb ¼ CbeD ½29�

where Cb (0 < Cb < 1) denotes the fraction of bubble-
induced energy converted into the liquid phase turbu-
lence. Lopez de Bertodano et al.[52] adopted the Cb

value of 0.02 for low gas fractions, and at higher gas
fractions, a value of Cb ranging between 0.1 and 0.7
was suggested by Johansen and Boysan.[11] But there
are still no detailed traffic data to develop the relation-
ship between Cb and the gas flow rate. In this article,
to reduce the sensitivity of Cb value to the gas flow
rate, Eq. [29] is modified as follows:

Gb ¼ Cb

lt

leff

ql � qg

� �
gag�urel ½30�

Pk;l, Pe;l,
[53,54] in Eqs. [25] and [26], represent the

influence of the dispersed phases turbulence on the
continuous phase turbulence, which can be expressed as

Pk;l ¼ Kgl

qg

ql þ qlCA
�2kl þ kgl þ �urel � �udrift
� �

½31�

Pe;l ¼ C3e
el
kl

Pk;l ½32�

III. BOUNDARY CONDITIONS

In this work, the commercial computational fluid
dynamics software Fluent 12.0 combined with user-
defined function (UDF) (Ansys Inc., Canonsburg, PA)
was used to simulate gas and liquid two-phase flow in
the bottom blowing ladle. The dimensions of water
model ladle and other parameters employed in the
current model are shown in Table III. Figure 2 shows

the mesh and boundary conditions of the water model
ladle, and due to the symmetry of the flow, only half of
the geometric model is built as a computational domain.
The boundary conditions are set based on the experi-
mental conditions used by Castillejos and Brima-
combe[55] and Sheng and Irons.[12] The bottom and
side walls were set as no-slip solid walls, and the
standard wall function was used to model the turbulence
characteristic in the near-wall region. The velocity-inlet
was used for gas blowing at the bottom tuyeres, and a
free liquid surface was assumed at the top surface, where
there is an outlet for the gas and a free slip wall for the
liquid. The bubble diameter is treated as a constant and
is calculated with the Eq. [11].

IV. RESULTS AND DISCUSSION

A. The Effect of Turbulent Dispersion Force

Figure 3 shows the effect of turbulent dispersion force
on the gas volume fraction distribution. The diameters
of water model and bottom nozzle are 500 mm and
4 mm, respectively, and the liquid height is 420 mm. It
can be seen from the figure that the turbulent dispersion
force dominates the bubble plume shape. When the
turbulent dispersion force is not considered in the
current model, the effect of liquid turbulent fluctuation
velocity on the bubble dispersion is neglected due to the
averaging procedure for flow field in the Euler–Euler
approach, and the size of the bubbly plume is relatively
narrow and almost keeps the same width along the

Table III. The Dimensions of Water Model Ladle and Other

Parameters Employed in Model

Diameter of water model ladle 500 mm
Bath depth 420 mm[12]

400 mm[55]

Orifice diameter 4 mm[12]

6.35 mm[55]

Gas flow rates 50 and 150 mL/s[12]

371 mL/s[55]

Density of water 1000 kg/m3

Density of gas 1.225 kg/m3

Molecular viscosity of water 0.001 Pa s
Surface tension between water and gas 0.073 N/m

 no-slip 
solid walls

gas-inlet

symmetry 
surface

free liquid 
surface

Fig. 2—Mesh and boundary conditions of water model ladle.

Table II. Model Constants Employed in Turbulent Model

Cl C1e C2e C3e rk re xgl

0.09 1.44 1.92 1.2 1.0 1.3 0.75
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vertical direction. Conversely, when the turbulent dis-
persion is considered, the bubbly plume produces
dispersion due to the liquid velocity fluctuation during
the bubble rising, and the plume centerline gas volume
fraction decreases with the height increasing far from
the bath bottom.

Figure 4 presents the comparison between the pre-
dicted results with turbulent dispersion force considered
in Euler–Euler approach and the measured data[55] in
the water model. The internal diameters of water model
and bottom nozzle are 500 mm and 6.35 mm, respec-
tively; the liquid height is 400 mm; and the gas flow rate
is 371 mL/s. From the figure, it can be seen that the
predicted bubbly plume shape and gas volume fraction
agree very well with the measured results, and the
turbulent dispersion force is responsible for successful
prediction of the gas volume fraction.

B. The Effect of Bubble Induced Turbulence

Figures 5 and 6 show the effect of bubble-induced
turbulence on liquid velocity and turbulent kinetic
energy, respectively. It should be noted that the liquid
velocity in bubbly plume region becomes lower, and the
liquid turbulent kinetic energy becomes greater than the
case without Gb considered in model. This is because
that in gas-stirred turbulent flow, the total energy eR
(Eq. [27]) generated during bubble rising, is converted
into liquid internal energy eD (Eq. [28]) due to slip
velocity and liquid kinetic energy (eR – eD). When the
bubble-induced turbulent Gb is considered in the current
model, a portion of the total energy eR would be first
converted into liquid turbulent kinetic energy and then
finally into internal energy eD due to turbulent dissipa-
tion rate. Therefore, subsequently the energy converted
into liquid kinetic energy (eR – eD) is reduced, and the
liquid velocity driven by bubble would become lower.
Furthermore, it can be seen from Figure 4 that the
maximum turbulent kinetic energy appears near bottom
tuyeres, and compared with the turbulent kinetic energy
generated by the liquid mean velocity gradients, the

bubble-induced turbulence has significant influence on
the liquid turbulence and could not be ignored in
modeling.
Figure 7 shows the effect of different turbulence

conversion coefficient Cb on the liquid axial velocity
and turbulent kinetic energy along the plume centerline,
and a comparison of predicted results with measured
data of Sheng and Irons.[12] It is clear that with Cb

increasing, the more energy generated during the bub-
bles rising is converted into liquid turbulent kinetic
energy, and subsequently, the remaining energy con-
verted into liquid kinetic energy is reduced, so the liquid
velocity driven by bubble would become lower. When
the Cb ranges between 0.8 and 0.9, the predicted liquid
velocity and turbulent kinetic energy agree well with the
measured, and the value of Cb is uniformly taken as 0.85
in the current work.

C. The Effect of Drag Force Coefficient

In the current model, different drag coefficient mod-
els, as shown in Table I, are adopted to describe the
bubbly plume system, and all the model parameters are
not changed except for the drag force coefficient closure
model. Figure 8 provides the effect of different drag
force coefficient on the liquid axial velocity and turbu-
lent kinetic energy along the plume centerline, and the
predicted results are compared with the measured
data.[12] It is found that the drag coefficient strongly
influences the bubbly plume dynamics, and the predicted
result agrees well with the measured as the drag
coefficient model proposed by Kolev[38] (model F in
Table I) is adopted. When the drag coefficient of model
A (Table I) is adopted in the model, the drag force
between gas and liquid is underestimated, and the lesser
portion of total energy generated during the bubbles
rising is converted into liquid kinetic energy. Subse-
quently, the greater portion would be converted into
turbulent kinetic energy. Therefore, the liquid velocity is
underpredicted, while the liquid turbulent energy was
overpredicted. Conversely, when the drag coefficient of

Fig. 3—Effect of turbulent dispersion force FTD on the gas volume fraction distribution: (a) without FTD and (b) with FTD.
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models B, C, and D in Table I are adopted in the model,
the liquid velocity is overpredicted, while the liquid
turbulent kinetic energy are underpredicted.

D. The Effect of Lift Force Coefficient

To determine the appropriate lift force coefficient for
ladle, in the current model, the numerical prediction
with different lift coefficient from 0.5 to �0.05 are
compared with the experimental data.

Figure 9 provides a comparison of the predicted
contours map of the gas volume fraction with different
lift coefficient. From this figure, it can be observed that
when the lift coefficient decreases from 0.5 to �0.05, the
gas phase is gradually gathered to the center and the
bubbly plume shape become narrower. This is because
the lift force acting on the bubbles is mainly on the
radial, which put the bubbles away from the plume

central with a positive lift coefficient, and it gathers the
bubbles to the center with a negative lift coefficient.
Figure 10 shows the effect of different lift coefficient

on the liquid axial velocity and turbulent kinetic energy,
as well as a comparison of the predicted results with the
measured data[12] along the plume centerline. It is
noticed that the liquid velocity and turbulent kinetic
energy increase with the lift force coefficient decreasing
from 0.5 to �0.05, and when the lift coefficient CL

ranges between 0.01 and �0.01, the predicted liquid
velocity and turbulent kinetic energy agree well with the
measured data. Clearly, the lift force has a small
influence on the current bubble plume flow system.

E. The Effect of Bubble Diameter

In the current gas-stirred system, the bubble diameter
is treated as a constant and calculated with Eq. [11].

Fig. 4—(a) Predicted contour map of gas volume fraction under the same experimental conditions as referenced by Castillejos and Brima-
combe.[55] (b) Comparison of predicted and measured local gas fraction along the radial direction at heights of 0.02 m, 0.10 m, and 0.35 m.

Fig. 5—Effect of bubble-induced turbulence Gb on the contours of liquid velocity V (m/s): (a) without Gb and (b) with Gb.
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Fig. 6—Effect of bubble-induced turbulence Gb on the contours of liquid turbulent kinetic energy kl (m
2/s2): (a) without Gb and (b) with Gb.

Fig. 7—Comparison between predicted results with different turbulent conversion coefficient Gb and measured data by Sheng and Irons[12] along
the plume centerline: (a) liquid axial velocity and (b) turbulent kinetic energy.

Fig. 8—Comparison between predicted results with different drag coefficient CD and measured data by Sheng and Irons[12] along the plume cen-
terline: (a) liquid axial velocity and (b) turbulent kinetic energy.
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However, in fact, the bubbles size is variable because the
bubbles coalescence and breakup in the plume zone.
Therefore, the effect of the bubble diameter on the
bubbly plume flow needs to be investigated. In the
current model, different bubbles diameter from 13 mm
to 25 mm are adopted to predict the bubbly plume
system, and all the model parameters were not changed
except for the bubble diameter.

Figure 11 provides the effect of different bubble
diameter on the liquid axial velocity and turbulent
kinetic energy along the plume centerline. From this
figure, it can be found that with the increase of bubble
diameter from 13 mm to 25 mm, the liquid velocity
decreases slowly, while the liquid turbulent kinetic
energy increases slowly. This is because that as the
bubble diameter increased, the slip velocity between
bubble and liquid would become greater, and the more
bubble induced turbulence Gb would be generated.
But overall, the changes of bubble diameter within the
small range have a weak impact on the current bubbly
plume.

F. The Applicability of the Model

The model parameters for describing the turbulent
behavior in gas-stirred system have been determined
based on their sensitivity study, and the applicability of
the model still needs to be verified further. Figures 12
through 14 compare the predicted gas volume fraction,
liquid velocity, and turbulent kinetic energy using various
models with the measured data, and the performances of
the current model, the Euler–Lagrange model proposed
by Sheng and Irons,[12–14] and the early Euler–Euler
model proposed by Ilegbusi et al.[18–20] were assessed. In
the current work, the comparison results predicted by the
current model and the early Euler–Euler model are based
on the same grid to avoid numerical artifact.
Figure 12 shows the contour map of gas volume

fraction predicted by the current Euler-Euler approach
with previously determined parameters and compares
the predicted results of three different models with
measured data.[12] It is found from the figure that the
current model predictions are more consistent with the

Fig. 9—Effect of different lift coefficient CL on the predicted contours of gas volume fraction: (a) CL = 0.5, (b) CL = 0, and (c) CL = �0.05.
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Fig. 10—Comparison between predicted results with different lift force coefficient CL and measured data from Ref. [12] along the plume center-
line: (a) axial velocity and (b) turbulent kinetic energy.

Fig. 11—Effect of bubbles diameter on the predicted (a) liquid axial velocity and (b) turbulent kinetic energy along the plume centerline.

Fig. 12—(a) Contour map of gas volume fraction predicted by the current model (Qg = 150 mL/s). (b) Comparison of predicted and mea-
sured[12] local gas fraction along the plume centerline.
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measured data than other models. For the Euler–
Lagrange model, the predicted result has a big error
under a higher gas flow rate, and the bubble volume
fraction was obtained by a statistics of number and
residence time of discrete particles in the grid control cell
as shown in Eq. [1], which was affected by the grid size
and particle number released from the gas inlet. There-
fore, the greater the gas flow rate, the greater the error
is, and the particle stochastic trajectory would also
increase the instability of spatial distribution of the gas
volume fraction. For the early Euler–Euler model
proposed by Ilegbusi et al.,[18–20] the predicted gas
volume fraction along the plume centerline is underpre-
dicted. This may be because that the bubble turbulent
diffusion coefficient, which represents liquid turbulent
viscosity, is overestimated compared to the current
model expression in Eqs. [16] through [24].

Figures 13 and 14 show the comparison of the
predicted and measured liquid velocity and turbulent
kinetic energy along the centerline of the plume and the
radial direction 0.21 m from the bottom, respectively.
From these figures, it can be seen that the current model
provides the best fit under different gas flow rates. For
the early Euler-–Euler model, the liquid velocity was
underpredicted and the turbulent kinetic energy was
overpredicted along the plume centerline. This is because
the interphase forces and the bubble-induce turbulent are
not accurately quantified in this model. For the Euler–
Lagrange model, the predicted velocity agrees well with
measured data along the plume centerline; however, the
turbulent kinetic energy is still underpredicted, and the
predicted liquid velocity is inconsistent with the mea-
sured data along the radial direction due to the excessive
size of the predicted bubbly plume boundary.

Fig. 13—Comparison between predicted and measured[12] liquid axial velocity along the (a) plume centerline and (b) radial direction 0.21 m from
the bottom under a different gas flow rate.

Fig. 14—Comparison between predicted and measured[12] liquid turbulent kinetic energy along (a) the plume centerline and (b) radial direction
0.21 m from the bottom under different gas flow rate.
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V. CONCLUSIONS

Based on the Euler–Euler approach, the gas and liquid
two-phase flow model was established to describe the
gas-stirred system for steelmaking, and the interaction
forces between gas-liquid two phases were considered,
such as drag force, lift force, and turbulent dispersion
force due to liquid velocity fluctuation. The modified k–e
model with extra source terms to account for the bubble-
induced turbulence was adopted to model the turbulence
in the system. The simulations have been carried out
using the Fluent code with user-defined programs. The
predicted results were compared with the measured data,
and the performances of the current model, the Euler–
Lagrange model proposed by Sheng and Irons,[12–14] and
the early Euler–Euler model proposed by Ilegbusi
et al.[18–20] were assessed. The conclusions are as follows:

1. The bubbly plume produces dispersion due to the
liquid velocity fluctuation, and the turbulent disper-
sion force, which is included in the source term of
momentum conservation equation, dominates the
bubbly plume shape and is responsible for successful
prediction of the gas volume fraction. The current
model predictions of bubbly plume shape and local
gas volume fraction agree well with the measurement.

2. The bubble-induced turbulence has a significant
influence on the liquid velocity and turbulence, and
with the turbulent conversion coefficient Cb increas-
ing, the more energy generated during the bubbles
rising is converted into liquid turbulence. When the
Cb ranged between 0.8 and 0.9, the predicted liquid
velocity and turbulent kinetic energy agree well with
the measured data.

3. The drag force strongly influences the bubbly plume
dynamics and the predicted result agrees well with the
measured results as the drag coefficient model pro-
posed by Kolev[38] was adopted. However, the lift
force and bubble diameter do not have so much
influence on the current bubbly plume system.

4. Under a different gas flow rate, the current Euler–
Euler model provides a better fit than the Euler–
Lagrange model and the early Euler–Euler approach,
and the gas volume fraction distribution and turbulent
flow ingas-stirred systemarepredictedmoreaccurately.
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ABBREVIATIONS

NOMENCLATURE

CA Virtual mass force coefficient (–)
Cb Turbulent conversion coefficient (–)

CD Drag force coefficient (–)
CL Lift force coefficient (–)
Dgl

t Turbulent dispersion coefficient (–)
eR Total rate of pressure energy lost by the

bubble (kg m2/s3)
eD Rate of energy converted into turbulence

and spent in viscous dissipation (kg m2/s3)
Eo Eötvös number (–) Eo ¼ g ql � qg

� �
d2
g

.
r

FD Drag force per unit volume (N/m3)
FL Lift force per unit volume (N/m3)
FVM Virtual mass force per unit volume (N/m3)
FTD Turbulent dispersion force per unit volume

(N/m3)
Gk,l Production of turbulent kinetic energy due

to liquid mean velocity gradients (m2/s3)
Gb Bubble-induced turbulent kinetic energy

(m2/s3)
dg Diameter of the bubbles (m)
d0 Diameter of the nozzle (m)
dti Residence time of the ith bubble in the

control cell volume (s)
�g acceleration due to gravity (m2/s)
H Bath liquid height (m)
kl Liquid turbulent kinetic energy (m2/s2)
Mk interphase momentum exchange term

(N/m3)
MWg Molecular weight of gas phase (kg/kmol)
N Number of bubbles particle released from

the gas-inlet (–)
P Static pressure (Pa)
Pop Operating pressure (Pa)
Qg Gas flow rate (m3/s)
R Universal gas constant (J/(mol K))
Re Local bubble Reynolds number (–)

Re ¼ ql ug � ul

� �
dg

	
ll

�ul liquid velocity (m/s)
�ug gas velocity (m/s)
udrift Ddrift velocity between liquid and gas

(m/s)
V Liquid velocity magnitude (m/s)
Vcell Grid cell volume (m3)
Vbub,pi Volume of the ith bubble in the control cell

volume (m3)
We Webber number (–)

We ¼ ql ul � ug

� �2
dg

.
r

z Height far from the bath bottom (m)
a Volume fraction (–)
ql,qg Liquid and gas density (kg/m3)
ll, lt, leff Liquid molecular viscosity, turbulent

viscosity, effective viscosity (kg/(m s))
r Gas–liquid surface tension coefficient

(N/m)
xgl Dispersion Prandtl number (–)
sgl
t Bubble turbulent characteristic time (s)

sgl
F Characteristic time of particle entrainment

by the continuous fluid motion (s)
sl
t Characteristic time of the energetic

turbulent eddies (s)
h Angle between the mean particle velocity

and the mean relative velocity (rad)
el Turbulent dissipation rate (m2/s3)
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Pk,l, Pe,l Influence of the dispersed phases
turbulence on the continuous phase
turbulence in Eqs. [25] and [26][50,51]

SUBSCRIPT

g Gas phase
l Liquid phase
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