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1. Introduction

Fluid mixing assumes an important role in various pro-
cessing industries, in which the chemical efficiencies of
typical processing operations carried out are intrinsically
related to their hydrodynamic performance.  In order to
achieve high product qualities in steelmaking, submerged
gas injection in ladles has now become a widely accepted
industrial practice in almost every steelmaking shop. The
gas injected from the bottom of the ladles rises through the
liquid steel and induces a spontaneous mixing, promotes
chemical reactions, thereby helping the system to achieve a
compositional and thermal homogeneity. In addition, the
gas injection also aids inclusion agglomeration and float-
out.

Primarily because of such significant technological im-
plications, serious attention has been paid over the last few
decades to study the fluid flow1–4) and mixing phenom-
ena5–8) in gas stirred ladle systems. 

Szekely et al.1) were the first to model the flows in gas-
stirred ladles by solution of the turbulent Navier–Stokes
equations in conjunction with the k–w turbulent model.
Hsiao et al.2) investigated fluid flow phenomena in the
water model and industrial argon-stirred ladles. Their work
indicated the importance of buoyancy force of upward ris-
ing gas bubbles to generate a recirculatory flow field in the
gas-stirred ladle. Zhu et al.3) carried out water-model exper-
iments and mathematical modeling studies of fluid flow and
mixing phenomena in argon-stirred ladles with multi-tuyere
arrangements. The experimental work of Nakanishi et al.,5)

for the first time, proposed a functional relationship
(tm�e�0.4) between the mixing time (tm) and specific en-
ergy input rates (e), for a wide range of metal processing
operations. Since then, many empirical relationships similar
to this type have been reported.6) In all these, influence of
different operating variables (e.g., gas flow rates, vessel
geometries, nozzle configurations) on mixing were studied
and expressed by a suitable correlation.

Two most common hydrodynamic models used to char-
acterise the gas-liquid two-phase regions, as commonly em-
ployed in these studies, have been the quasi-single phase
approach9) and a combined Lagrangian–Eulerian calcula-
tion procedure.9) Of these, in terms of computational com-
plexities, the quasi-single phase procedure is the simplest
and has been widely used for numerical modeling purpose.
In this method, the gas-liquid mixture in the upwelling
plume is considered to rise like a homogeneous fluid and
the gas volume fraction in the two-phase plume region is
calculated by applying the principle of volume continuity. It
may be mentioned here that although this method has been

quite effective in capturing the relevant flow physics in a
gas-stirred system, the important consideration of bubble
slippage phenomena in developing the numerical models
have largely been ignored. However, earlier studies10) indi-
cated that in gas-stirred ladle systems, slippage between ris-
ing bubbles and the surrounding fluid can dissipate a signif-
icant part of the input energy. Therefore, the calculated
value of gas volume fraction corresponding to zero or no
bubble slippage tend to be overestimated, thereby producing
an erroneous velocity field. On the other hand, incorpora-
tion of the bubble slippage phenomena in a mathematical
model can provide a more realistic description of the gas-
stirred system and adequately simulate the bulk phase hy-
drodynamics. Such an improved numerical model can then
be utilized to predict the mixing phenomena in a more ac-
curate manner, which in turn, can have important applica-
tions and far-ranging consequences in the industry. Al-
though some preliminary studies with similar objective11)

have been reported recently, a systematic study addressing
this extremely significant issue is yet to be found in the lit-
erature.

The present work is an attempt to study the mixing
process and investigate the effects of bubble slip phenom-
ena in predicting the mixing time through a mathematical
modeling procedure. This is accomplished by three-dimen-
sional numerical simulation of fluid flow in the ladle via a
modified version of the previously reported computational
fluid dynamics (CFD) model pertinent to this process.12)

The hydrodynamic description of the gas-liquid two phase
region is suitably modified to take into account the slippage
between rising gas bubbles and the surrounding liquid. Par-
ticular attention is paid to model the transient mixing phe-
nomena and critically analyze the capability of the present
model to predict the mixing time in an accurate manner.
This is accomplished by comparing the numerical simula-
tion predictions with results from an ongoing experimental
study at Tata Steel, India. Parametric studies are also under-
taken to examine the effects of gas flow rate and bottom
nozzle positioning on the mixing time. The combined
model, therefore, throws a significant insight on the effect
of bubble slippage considerations on the numerical predic-
tion of mixing time in a gas stirred ladle and is expected to
provide an effective quantification of flow characteristics
and mixing behaviour, thereby facilitating the subsequent
optimization of the overall process.

2. Mathematical Modelling
2.1. The Physical Problem

The physical system considered for the present investiga-
tion is a scale down water model of a typical 140-tonne in-
dustrial ladle. The bath is of cylindrical shape and is agi-
tated by bottom gas injection through different nozzle
arrangements. A three dimensional computational fluid dy-
namics (CFD) model is developed to obtain the flow field in
the bath, and the composition distribution of the tracer par-
ticle in the flow domain is obtained by numerically solving
the species-conservation equation.8) The mixing time is de-
fined as the time when the monitoring point concentration
satisfies the following constraints:

.............................(1)

where, C is the tracer concentration and Cf is the final uni-
form concentration.

It can be noted here that the details of the governing
equations and the associated numerical solution procedure
are available in literature8,12) and are not mentioned here for
the purpose of brevity.
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2.2. Consideration of Bubble Slippage in the Hydrody-
namic Model

The physical processes associated with a gas stirred sys-
tem essentially consists of a gas-liquid two phase region ris-
ing upward through the liquid. This is known as plume. The
interaction of the plume with its surrounding liquid metal
forms an important part of all the modelling techniques of
the gas injection phenomena. In the numerical procedure
adopted for the present study, gas injection is treated as a
pseudo single-phase flow phenomenon (quasi single phase
approach), in which the gas-liquid metal plume is charac-
terized by a region of lower density steel. The shape of the
plume region is taken to be conical9,12) with an average
plume radius, rav, given by9)

rav�(1/√3) radius of the conical plume at surface....(2)

The gas voidage, a , within a rising gas-liquid plume is ac-
counted for by introducing a buoyancy term (�rLga), in
the axial direction momentum balance equation9) where, a ,
can be calculated by applying the principle of volume con-
tinuity as follows:

................................(3)

Sahai and Guthrie13,14) provided a simple algebraic equation
for estimation of plume rising velocity, Up, according to

...........................(4)

where, Q is the flow rate, H is the liquid depth and R is the
radius of the vessel, constant K is estimated9) to be 4.17 in
SI system of units.

The continuum density of the plume can then be ob-
tained by

r�arG�(1�a)rL ...........................(5)
where, rG and rL are density of gas phase and liquid phase
respectively. 

It can be noted here that the above expression (Eq. (4))
for estimating the average rise velocity of the bubble plume
has been derived on the basis of energy balance calcula-
tions between the rate of energy supplied by rising bubbles
in a gas-stirred system and the turbulence energy dissipa-
tion losses within the system. There are, however, evi-
dences present in the literature15,16) that bubble slippage
phenomena, in addition to turbulence, can dissipate a con-
siderable part of the input energy which has been entirely
ignored on derivation of the plume rise velocity. The gas
voidage value calculated on the basis of the above formula-
tion, therefore, tends to get overestimated and results in a
higher value of velocity in the two phase region and in the
bulk flow domain. It is, therefore, necessary to modify the
gas voidage values in the existing mathematical framework
for more realistic description of the ladle hydrodynamics
and associated transport phenomena during gas injection.

Based on the preceding discussion, the volume fraction
estimates of the gas within gas-liquid two phase region, as
given by Eq. (3), are suitably modified on the basis of the
drift flux model,17) which incorporates the effect of slip be-
tween the rising bubbles and the surrounding fluid into the
existing model, according to the following expression:

....................(6)

Here,a s is the gas voidage value considering slippage phe-
nomena, Up is the constant plume rise velocity (as given by

Eq. (4)), Us is the slip velocity and is typically considered
to be equivalent to the terminal rise velocity of a character-
istic single bubble and can be calculated from the knowl-
edge of average bubble size in the system14,18) viz.,

...........................(7)

Here, dB represent diameter of the gas bubbles forming at
the nozzle tip and is given by the following correlation re-
ported in the literature,19)

...........................(8)

In the present study, the definition of the plume region is
based on the experimental studies of vertically injected gas
bubbles into water, as performed by several researchers in
the past,20) and has been established as an effective way of
treating pseudo-single phase problems of identical nature.14)

3. Experimental

The experimental work is carried out in a 0.2 scale,
cylindrical shaped, water model of a typical 140-tonne steel
ladle in operation in Tata Steel. The experimental setup
consists of a plexiglass vessel containing tap water at room
temperature, with provisions of air injection into the bath
through bottom nozzles located at different radial positions
at the base (at center, R/2 and 3R/4 position). The model
has a bottom diameter of 0.536 m, a top diameter of
0.619 m, and a liquid height of 0.620 m. Thus, for single
nozzle blowing, local conductivity of water is measured
after the addition of tracer (1 N KCl solution) over the
plume surface. The electrical conductivity probe is placed
at 200 mm above the bottom and at r/4 location from the
side wall in the ladle. The output signal of electrical con-
ductivity meter is recorded by a personal computer. Mixing
time is defined as the time beyond which the changes of
conductivity are less than 5% of the steady state. For each
case, five to six measurements are performed, and the mean
value is taken as mixing time.

4. Results and Discussions

Before proceeding to the analysis of mixing time in the
gas stirred vessel, the validity of the present flow model is
first tested for three dimensional situations by comparing
the model predictions with experimental results correspon-
ding to off-centric gas injection system described in Mietz
and Oeters.21) The cylindrical vessel considered for the
study21) was 0.63 m in diameter and 0.58 m in height, with
bottom gas injected at a position of 2/3 R from the center of
the vessel at a flow rate of 5.0�10�4 N ·m3/s. Figure 1
shows a comparison between the predicted radial (r) varia-
tion of the axial (z) velocity component and the correspon-
ding experimental measurements,21) at mid axial plane (at
z/H�0.5). Predictions are made with the present model
considering ‘bubble slippage’ (subsequently referred to as
‘bubble slip’ model) and also without slip (subsequently re-
ferred to as ‘no slip’ model) phenomena. It can be seen that
the velocity profiles predicted by the ‘no slip’ model over-
estimates the experimental observations, while results from
‘bubble slip’ model matches well with the experimental
data, thereby establishing the authenticity of the present
formulation.

Figures 2 through 4 show the variation of mixing times
with gas flow rates for various combinations of bottom noz-
zle configuration. The mixing time is calculated by using
both ‘bubble slip’ model and ‘no slip’ model and compared
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with the experimental results. The following observations
can be made:
• In general, mixing time decreases with increasing gas

flow rate. This is due to the fact that the input energy pro-
vided by the injected gas increases with an increase in
gas flow rate. This would increase the turbulence in the
flow as well as bulk velocity, which in turn, reduces the
mixing time.

• The ‘no slip’ flow model predicts a faster mixing, i.e., the
predicted values of mixing time from ‘no slip’ model is
less than that obtained from a ‘bubble slip’ model. This is
because of the fact that the calculated flow field corre-
sponding to ‘no slip’ condition is associated with an in-
creased rate of solutal transport, due to higher velocities
prevailing in the vessel. In general, the numerical predic-
tions from ‘bubble slip’ model matches well with the ex-
perimental observations.

• Mixing time decreases for the off-centric gas injection
case, as compared to the axisymmetric gas injection sys-
tem (compare Figs. 2–4), with a minimum value pre-
dicted for mid-radius gas injection (Fig. 3). This is be-
cause, in the case of off-centric blowing, the angular mo-
mentum of fluid motion increases to a great extent, as
compared to the center blowing. This ultimately results in
an enhanced solute transport, yielding faster mixing in
the vessel. The numerical predictions are in close agree-
ment with the corresponding experiments.

• The close agreement between experimental observations
and the numerically predicted results from the ‘bubble
slip’ model shows that the present mathematical model
embodying the physical phenomena of bubble slippage is
capable of describing the flow characteristics and mixing
phenomena in a single-nozzle, gas stirred industrial ladle
system.

5. Conclusions

A combined physical and numerical modelling exercise

has been carried out to investigate mixing phenomena in a
single nozzle stirred steel ladle. This is accomplished by
three-dimensional numerical simulation of fluid flow in the
ladle along with the determination of the mixing time. Par-
ticular attention has been paid to incorporate the effect of
slippage between rising gas bubbles and surrounding fluid
in the numerical model, to capture the relevant flow physics
in a more effective manner. The flow model has been tested
with experimental data reported in literature. Capability of
the present model to predict the mixing time accurately has
been critically analysed by comparing the numerical simu-
lation predictions with the results from an ongoing experi-
mental study at Tata Steel. The influence of various param-
eters on the mixing time in a gas stirred ladle system has
been critically assessed. The study suggests that the rela-
tively simple ‘quasi-single phase’ model based on the con-
sideration of bubble slippage phenomena can be effectively
applied to predict the flow characteristics and mixing time
in an industrial ladle refining process.
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Fig. 1. Comparison of numerically predicted radial variation of
the axial velocity component at z/H�0.5 for an off-cen-
tric gas injection system, with the corresponding experi-
mental observations reported in literature.21)

Fig. 2. Variation of mixing time with gas
flow rate for bottom nozzle placed
at center (i.e., at r�0) of the ladle.
Comparison of numerical predic-
tions with corresponding experi-
mental results.

Fig. 3. Variation of mixing time with gas
flow rate for bottom nozzle placed
at half radius (i.e., at r�R/2) of the
ladle base. Comparison of numeri-
cal predictions with corresponding
experimental results.

Fig. 4. Variation of mixing time with gas
flow rate for bottom nozzle placed
at three-fourth radius (i.e., at
r�3R/4) of the ladle base. Compar-
ison of numerical predictions with
corresponding experimental results.


