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Ladle refining plays a key role in the steelmaking process. During the refining,
a bubbly gas stream is used for mixing and to enhance the rate of removal of
impurities from the molten steel. A numerical model has been developed to
understand mass transfer and mixing behavior in a three-phase gas-stirred
ladle. A two-resistance approach was used for the liquid–liquid mass transfer,
while the mass transfer coefficient was determined using the Small Eddy
theory. The model was validated with experimental data, obtained from a
water–oil physical model simulating an industrial ladle with a scale factor of
1/17, valid for axisymmetric gas injection. Three variables were included to
study the mass transfer behavior, namely gas flow rate, Q, oil (slag) thickness,
h, and oil (slag) viscosity, lo. The gas flow rate ranged from 2.85 L/min to
8.56 L/min to meet industrial operating conditions. It was found that: (1) the
volumetric mass transfer coefficient (ka) increases when the gas flow rate (Q)
increases; and (2) increasing slag (oil) thickness has a positive influence on
mass transfer as it considerably increases the interfacial area and promotes
turbulence at the interface. At this range of gas flow rate, the effect of slag (oil)
viscosity is limited. A general correlation was established:
ka ¼ 0:058Q0:459h0:612. Mixing time was studied within the same flow rate
range to observe its influence on the mass transfer. Mixing in the ladle is
accomplished in a much shorter time than interphase mass transfer, specifi-
cally by two orders of magnitude, which indicates that mass transfer is the
rate-limiting step.

INTRODUCTION

The secondary refining process is an integral part
of modern steelmaking, as its main objective is
conditioning the liquid steel to achieve a homoge-
neous composition, an accurate casting tempera-
ture, and a high level of cleanliness in the steel.1 A
ladle furnace serves as a reactor in which processes,
such as re-heating, temperature and chemical
homogenization, inclusion removal, deoxidation
and desulfurization, are performed.2 The slag layer
on top of the liquid steel retains undesirable chem-
ical species such as sulfides. The liquid steel is

agitated by injecting gas (Ar/N2), i.e., through
porous plugs located in the bottom of the ladle,
which produces a movement of recirculation in the
liquid steel causing homogenization of thermal and
chemical gradients, acceleration of metal–slag reac-
tions, removal of gaseous species and flotation/pre-
cipitation of non-metallic inclusions.3 As a key to
obtaining low-sulfur steel, the efficiency and pro-
ductivity of the desulfurization process largely
depends on: (1) the consecutive kinetic steps which
consist of two main processes, namely the chemical
reactions at the liquid–liquid interface and the mass
transfer of sulfur from the metal to the slag phase,
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and (2) mixing within the slag and the metal
phases. It has been reviewed previously4,5 that the
reactions at high temperature are mostly controlled
by mass transfer rather than by interfacial chemical
reactions; this is also applicable to the desulfuriza-
tion process in a ladle furnace. During the desulfu-
rization of liquid steel, sulfur dissolved in the metal
phase is transported to the metal–slag interface,
reacts with CaO (or MnO) and is transferred into
the bulk slag. The transportation processes at the
liquid–liquid interface involve diffusion of the reac-
tant species, chemical reactions and diffusion of the
reaction products to the slag phase. In reviewing the
transport mechanism of solute (sulfur) from one
phase to another across an interface, several empir-
ical turbulent mass transfer models have been
proposed to define the mass transfer coefficient in
one phase, such as film theory, penetration theory,
surface renewal theory, and eddy theory. The mass
transfer coefficient is a parameter in empirical
expressions that defines the mass transfer flux of
a species at the interface. A brief description of
these turbulent mass transfer models can be found
in ‘‘Liquid–Liquid Mass Transfer’’ section.

The effect of mixing phenomena on liquid–liquid
mass transfer and concentration distribution has
not been studied much in the past. There have been
some experimental studies4,6,7 which investigated
the effect of various parameters such as gas flow
rate, gas injection position and slag viscosity on the
mass transfer rate. Of these, a comprehensive study
by Kim and Fruehan4 has been commonly accepted
as establishing a reasonable correlation between
mass transfer volumetric coefficient and gas flow
rate under different flow conditions. Their experi-
mental studies, although leading to useful empirical
correlations, were not sufficient to gain a detailed
understanding of the underlying phenomena on a
mesoscale. Typically, a numerical study is a com-
plementary tool to experimental observations
because it allows the analysis of a considerable
number of variables and the estimation of the field
values at locations where it is difficult to obtain
experimental measurements.8 However, it must be
noted that, with a numerical approach, it is chal-
lenging to determine numerically the mass transfer
coefficient and the actual metal–slag interfacial
area.2

The multiphase (involving gas and metal) model-
ing of a ladle furnace is already complex. Introduc-
ing a slag phase into the multiphase model results
in a three-phase model which is intricate and
computationally expensive. Several authors9–12

have written detailed reviews of physical and
mathematical modeling of the ladle in the last few
decades. The fluid dynamics and rate phenomena
involved in a ladle furnace have been investigated
using the computational fluid dynamics (CFD)
approach which makes it possible to understand
fluid flow and mass transfer mechanism on a
mesoscale level13 mainly using two approaches:

the Eulerian model and the volume of fluid (VOF)
model. The Eulerian model has been used to study
fluid dynamics14–17 as well as mass transfer,18,19

while the VOF model is more applicable for studies
about the behavior of the metal–slag interface.20–22

Since both mass transfer and mixing can be
correlated with the turbulent nature of fluid flow
in a steel ladle,2,23 they are often studied together.
The mixing phenomenon is well-characterized by
several experimental24 and mathematical25–31 stud-
ies with or without the inclusion of a slag phase.
However, an appropriate choice of a liquid–liquid
mass transfer model in a CFD study is difficult to
ascertain, and so only a few studies21,32,33 have been
conducted on this topic. Singh et al.21 developed a
three-phase CFD model to determine the metal–
slag interfacial area using the VOF approach. Costa
et al.32 investigated the importance of the sulfur
partition coefficient and the thickness of the slag
layer on the desulfurization rate, with an input of
the mass transfer coefficient based on Incropera and
Dewitt’s34 empirical correlation. Recently, Cao
et al.33 introduced a full-scale, three-dimensional,
transient CFD model using the VOF approach to
study the desulfurisation behavior. They adopted a
generalized Kolmogorov theory of isotropic turbu-
lence to study mass transfer. However, their anal-
ysis did not explain the transportation of species
caused by different eddy scales, and therefore did
not provide any insight into the mass transfer
mechanism. To the best of our knowledge, there
have been no mathematical studies about the
metal–slag mass transfer in which the mixing
characteristics are detailed and linked to mass
transfer behavior. The aim of this study is to
investigate the effect of mixing phenomena on the
mass transfer coefficient based on a mass transfer
model35 using CFD, as it is important to investigate
the influence of gas flow rate on the ladle desulfu-
rization process, which is crucial for process opti-
mization and intensification. It should be noted that
the metal–slag emulsification effect is not included
in this study because the gas flow rate is quite low,
from 2.85 L/min to 8 L/min, resulting in the low
specific rate of stirring energy (0.016–0.046 W/kg),
which is considered insufficient to cause emulsifi-
cation.36 The gas flow rate, in the range tested, is
compatible with the previous physical experi-
ments37 simulating an industrial-sized ladle of 140
tons with a scale factor of 1/17. The gas flow rate in
experimental tests was estimated based on dynamic
similarity criteria and the operating conditions of an
industrial ladle (i.e., gas flow rate 0.2–0.6 m3/min)
(see Ref. 37 for more details).

LIQUID–LIQUID MASS TRANSFER

In general, for mass transfer between two fluids,
there are two-phase boundary layers causing resis-
tance to the overall mass transfer. The mole flux, J,
at the two-phase boundary in a steady state is:
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J ¼ km Cm � Ce
m

� �
¼ ks Ce

s � Cs

� �
ð1Þ

where m and s denote for metal and slag, respec-
tively, k (m/s) is the local mass transfer coefficient,
C (mol/m3) the bulk concentration, and Ce (mol/m3)
the equilibrium concentration at the interface.

Due to high affinity of sulfur with the slag phase,
the mass transfer rate of species, I, from metal to
slag is usually re-written in term of the metal phase
as:

_m ¼ �dCi

dt
¼ kma Ci � Ce

i

� �
ð2Þ

where _m [mol/(m3s)] is the mass transfer rate and a
(1/m) the interfacial area concentration (a = A/V,
where A, m2 is the interfacial area and V, m3 is the
volume of the concerned liquid).

In steel–slag mass transfer, the mass transfer
coefficient, km (called hereafter k) can be estimated
based on physicochemical and fluid-dynamic param-
eters. Various turbulence models have been devel-
oped taking into account the continuous renewal of
the interface layer between two fluids due to chaotic
fluid motion adjacent to the metal–slag interface
caused by turbulence. Firstly, the Penetration the-
ory (or Higbie’s theory) assumes that the stagnant
fluid elements are exposed at the interface for a
short, fixed period of time (te) during which they
remain static so that molecular diffusion takes
place.2,38 Secondly, the surface renewal model con-
siders that, in a turbulent medium, the residence
time of elements at the interface is varied following
a certain distribution function; the rate of replace-
ment of the element s is thus introduced. These two
models have a limitation, as tc or s is not explicitly
defined. Therefore, based on the surface renewal
theory, the eddy models have been developed to
establish the link between the mass transfer coef-
ficient with easily accessible parameters.

Similarly to other turbulent models, the eddy
theory assumes that the fluctuating turbulent
velocities are the dominating velocities near the
interface. The eddies consisting of turbulence forces
(inertial, pressure or viscous coupling), flow towards
the interface, are deflected by the interface, travel
along the interface, and subsequently plunge back
into the fluid domain. This motion is responsible for
bringing fresh fluid to the interface layer where
mass transfer can occur by molecular diffusion.
There is a wide range of eddy length scales present
in a turbulent field which superimpose in a similar
motion. The large eddies contain a majority of
turbulent kinetic energy and are unstable, hence
break into small eddies until all their energy is
dissipated by viscous flow.39 The large eddy model
proposed by Fortescue and Pearson40 assumes that
large eddies are dominant in the mass transfer
because they contain most of the turbulent energy.
In an attempt to quantify the relative contributions
of different sized motions, Lamont and Scott35

proposed the small eddy model, postulating that
the eddies in the boundary are usually small in size
and they superimpose on large eddies, hence are
more important than large eddies. The small eddy
model was chosen for the current study due to the
ease of accessing two parameters namely the energy
dissipation rate, e, and liquid kinematic viscosity, v.
The advantage of this model is the order of magni-
tude agreement with different types of interface.35

More specifically, the small eddy theory determines
the mass transfer coefficient by resolving the con-
vective–diffusion equation. By replacing the velocity
scale with the turbulent kinetic energy dissipation
rate, the mass transfer coefficient can be repre-
sented as a function of molecular diffusivity, D, (m2/
s), energy dissipation rate, e; (m2/s3) and kinematic
viscosity, m, (m2/s):38,41

k ¼ 0:4
ffiffiffiffi
D

p e
v

� �0:25
ð3Þ

NUMERICAL MODEL DEVELOPMENT

Assumption

In the present study, a few assumptions were
made, as follows:

(a) The ladle shape is simplified as cylindrical
with a centric gas injection at the bottom.

(b) The gas-stirred ladle is axisymmetric.
(c) Water, silicone oil and air are used to replicate

steel, slag and inert gas, respectively. The use
of water satisfies the kinematic similarity
criterion and the metal–slag system behaves
similarly to the water–oil system.

(d) The physical properties of water, air and oil
are constant.

(e) The system only allows the air to escape from
the free open surface.

(f) It is assumed that the bubbles have a spher-
ical shape and constant radius.

(g) Thymol (2-isopropyl-5-methylphenol), men-
tioned hereafter as the solute, is used in the
role of sulfur as thymol has an equilibrium
partition between oil and water similar to that
of sulfur between metal and slag.

(h) The solute is exchanged between the water
and oil phases, thermodynamic equilibrium is
instantly established at the interface and the
rate of exchange is controlled by mass trans-
fer.

(i) The system is isothermal at 25�C.
(j) The solute and water are considered a homo-

geneous solution throughout the domain of the
initial aqueous phase.

Governing Equations

The fluid flow phenomena and the liquid–liquid
mass transfer are simulated using the Euler–Euler
approach solving the Reynolds’ averaged Navier–
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Stokes equations. As flows involve species transfer,
additional species conservation equations are
included. Since the ladle geometry is axisymmetric,
the governing equations are resolved in two dimen-
sions. The physical properties of all three phases
can be found in Table I. The continuity equation is
established according to the mass conservation
principle. The continuity equation for phase q is:

@

@t
aqqq
� �

þr � ðaqqq~uqÞ ¼ 0; ð4Þ

where ~uq (m/s) is the velocity of phase q, and qq(kg/
m3) is the density. The different phases are treated
as interpenetrating continua and the volume of one
phase cannot be occupied by the other phases. The
volume of phase q is defined by:

Vq ¼
Z

aqdV; ð5Þ

where aq is the volume fraction of the phase q, n is
the number of phases, and

Pn
q¼1 aq ¼ 1

The momentum equation for phase q is:

@

@t
ðaqqq~uqÞ þ r � aqqq~uq~uq

� �
¼ �aqrpþr � sq

þ aqqq~gþ
Xn

p¼1

~Rpq þ
X

~Fq;
ð6Þ

where sq [kg/(ms2)] is the stress tensor of phase, q,
estimated by the k–e turbulence equations,40 ~g (m/s2)

is the gravity constant, p (Pa) is the pressure, ~F (kg/
m2 s2) represents different forces acting on the fluid
elements (e.g., external body force, turbulent disper-

sion force), and ~Rpq (kg/m2 s2) is the interaction force
between phases. The turbulent kinetic energy, k, (J/
kg) and its dissipation rate, e; (m2/s3) of phase q are
obtained from the following transport equations:

@

@t
apqqkq
� �

þr � apqq~uqkq
� �

¼ r

� aq lq þ
lt;q
rk

� �
rkq

	 

þ apGk;q þ apGb;q � apqqeq

ð7Þ

@

@t
apqqeq
� �

þr � apqq~uqeq
� �

¼ r � aq lq þ
lt;q
re

� �
req

	 


þ aqC1e
eq
kq

Gk þ C3eGbð Þ � aqC2eqq
e2
p

kq
;

ð8Þ

where Gk (kg/ms3) and Gb (kg/ms3) are the
generation of turbulence kinetic energy due to
the mean velocity gradients and buoyancy,
C1e;C2e;C3e are constants, rk; re are Prandtl num-
bers for k and e with constant values, l (Pa s) is
the dynamic viscosity, and lt (Pa s) is the eddy
viscosity.

Since the study of mixing time requires the
tracking of fluid elements, the transport equation
of a tracer is involved. The local mass fraction of
tracer, Yi; is estimated by using the following
equation, considering the net rate of production
and creation of species is zero.42

@

@t
qYið Þ þ r: q~uYið Þ ¼ r:

lt
Sct

rYið Þ
� �

; ð9Þ

where Sct is the turbulent Schmidt number.

Mass Transfer Model

The interphase species mass transfer model42 was
chosen for this study, given that it deals with mass
transfer occurring across the interface, which is
physically reasonable for the steel–slag interaction
described in ‘‘Liquid–Liquid Mass Transfer’’ sec-
tion. The phase species transport equations are
solved along with the phase mass, momentum and
energy equations. The transport equation for Yi

q, the

local mass fraction of species i in phase q, without
reaction, is:

@ aqqqY
i
q

� �

@t
þr � aqqq uq

�!Yi
q

� �
¼ �r � aq Jq

�!� �

þ
Xp¼1

n

_mpjqi � _mqipj

� �

ð10Þ
where Jq

�!
(kg/m2 s) is the diffusion flux of species,

_m (kg/m3 s) is the mass transfer rate (i.e., the source
term):

_mpjqi ¼ kpqai qiq;e � qiq

� �
; ð11Þ

where kpq and kqp (m/s) are the volumetric mass
transfer coefficients between the p and q phases,
input by user-defined function code based on Eq. 3;
ai is the interfacial area concentration, qiq the mass

concentration of species i in phase q, and qiq;e the

equilibrium mass concentration of species i in phase
q.

Table I. Geometry set-up and material properties

Parameter Initial Unit Value

Water height H m 0.1648
Silicon oil thickness h m 0.0066
Ladle diameter D m 0.189
Air flow rate Qm L/m 2.85
Air density qA kg/m3 1.225
Air viscosity lA kg/ms 1.79E�5
Water density qW kg/m3 998.2
Water viscosity lW kg/ms 0.001003
Silicone oil density qO kg/m3 800
Silicone oil viscosity lO kg/ms 0.0832
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Initial and Boundary Conditions

A two-dimensional model of a ladle was built
using ANSYS Design Modeler 17.0. The cylindrical
ladle has a diameter of 0.189 m and a height of
0.2248 m, similar to that of the envisaged physical
model.37 Since the ladle is axisymmetric, only the
X–Y plane was considered. At the symmetry axis,
fluxes for all the transported quantities are zero. A
nozzle with a diameter of 0.01 m was specified at
the center of the bottom where the air inlet bound-
ary condition was set. At the bottom and lateral
ladle impermeable walls, non-slip conditions were
applied. In addition, the standard wall function was
chosen to treat the flow field at the wall sublayer
between the laminar region near the wall and the
turbulent core in the ladle. Atmospheric pressure
was considered at the free open boundary.

Initially, all phases are static and are accommo-
dated according to their densities. The initial con-
ditions for the study of fluid dynamics and
turbulence involve three different layered struc-
tures: water is present at the bottom (height =
0.164 m), followed by a layer of oil on top of water

(thickness = 0.0065 m) and finally an air layer on
top of the oil. The velocity of all components and
turbulent parameters begin with zero values
throughout the domain. Although an industrial
ladle furnace is not isothermal, thermal gradients
during operation are low inside, since it is well
stirred. This has helped to simplify the model by
assuming isothermal conditions as heat transfer
inside the bath is not within the scope of this study.
Mass transfer was calculated once the water–oil–air
system has established a quasi-steady flow pat-
tern in fluid dynamics, i.e., recirculation and veloc-
ities in the liquid remain constant over time. The
initial condition for this calculation began with a
homogeneous solution between the solute and water
phase at a concentration of 125 ppm thymol and
with zero initial concentration of solute in the oil
phase.

Computational Requirement

Structured meshing was carried out using
ANSYS Workbench Mesh Generation 17.0. Fine
meshing at the water–oil and oil–gas interfaces can
resolve the surface deformation accurately and
avoid numerical diffusion. A grid dependence test,
using the grid convergence index (GCI) based on
Roache,43 was carried out to identify the optimal
mesh for accuracy and computation time. The study
was performed with three different set of grids
namely, coarse mesh (A), finer mesh (B), and finest
mesh (C) with a refinement factor of 1.5 which
contain 7524, 16,830, and 37,995 mesh cells respec-
tively. Three simulations were run transiently
having a configuration of Intel� CoreTM i5-4300U
with a clock speed of 1.9 GHz and 8 GB of RAM. It
took 4.92, 6.54 and 11.58 s of computer time for each
time step for cases A, B and C respectively. The

time-averaged water velocity near the water–oil
interface (i.e., along the X axis at a ladle height of
0.12 mm) was examined. It was estimated that the
average local order of accuracy is 3, and the average
GCI is 16% with a general range from 0% to 25%
and four points at 30–100%, giving the maximum
uncertainty of 0.02 m/s. This variation can be
explained by the unsteadiness and the complexity
of the flow around the interface. In general, results
from meshes B and C have a similar accuracy while
the computer time needed for mesh C is two times
higher as compared to mesh B. Therefore, mesh B
was considered for the simulations.

The numerical solution of the study was devel-
oped transiently using a time step of 10�4 s, 20
iterations per time step. Each simulation took 20 s
of real time to reach a quasi-steady state. Simula-
tions were run in VSC HPC cluster, thinking node:
16-core Ivy Bridge Xeon E5-2680v2 CPU with a
clock speed of 2.8 GHz and 64 GB RAM. It took 50 h
of computer time to reach this state, using 4
processors in parallel.

Experimental Study

An air–water–oil physical model37 was con-
structed with the scaling factor of 1/17 representing
an industrial-size ladle of 250 tons. Air was injected
through a 0.01-m nozzle located at the bottom of the
ladle. To study the flow field, Ramı́rez-Argáez and
González-Rivera37 used particle image velocimetry
as a fluid visualization technique to obtain real-time
velocity maps in a region of interest in the fluid. For
a detailed explanation of the validation setup, the
interested reader is suggested to read the cited
reference. In the mass transfer experiments, thymol
(2-isopropyl-5-methylphenol) was used in the role of
sulfur to investigate the behavior of the solute in the
ladle, and silicon oil was used in the role of slag.

RESULTS AND DISCUSSION

Model Validation

Figure 1 shows the mass transfer resemblance
behavior between the numerical and experimental
data. Compared to the experimental data, the error
of the numerical prediction lies within a band
of ± 5% (shown in red). As seen in the figure, the
mass transfer process is rather slow. In the begin-
ning, it takes 15 min to remove about 20% the
amount of thymol from the water phase, as the oil
phase has a strong affinity to thymol. After 90 min,
once the thymol concentration in the two phases
approaches an equilibrium state, it takes about
30 min to remove 7–8% of the thymol. The mass
transfer behavior follows the exponential rule,
explained by a first-order kinetic mechanism well-
established by several researchers.2,4 The
notable agreement with the experimental data
proves the applicability of the small eddy theory.
This theory assumes that small eddies at the water–

Numerical Modeling of Liquid–Liquid Mass Transfer and the Influence of Mixing in
Gas-Stirred Ladles

2113



oil interface are of utmost importance in the trans-
port process. Small eddies are formed from the
unstable large eddies that break up by the dissipa-
tion of turbulent kinetic energy. These smaller
eddies undergo a similar break-up process and
transfer their energy to yet smaller eddies. A high
rate of turbulence dissipation indicates the
notable presence of small eddies at the top edge of
the ladle. According to the small eddy theory, these
small eddies superimpose the flow near the inter-
face and are therefore mostly responsible for trans-
portation of species (i.e., thymol) at the interface.

Sensitivity Analysis

Effect of Gas Flow Rate

As mentioned earlier, the mass transfer in the
ladle is closely correlated to the motion of the main
fluid which, in this study, is liquid water. The flow is
mainly caused by the forced convection due to gas
stirring; hence, the impact of gas flow rate on the
liquid–liquid mass transfer has been studied. The
water flow pattern, which was obtained from the
CFD simulations, shows a trend in agreement with
the literature summarized by Ghosh.2 In the mid-
dle, the two-phase region consisting of gas bubbles
and liquid water (commonly referred to as the
plume) is formed; the plume moves upward and
pushes the oil to the periphery of the ladle. At the
free surface, the raised liquid drags the bubbles,
deforms the air–water interface, and creates an
area called the ‘‘open eye’’. Because of turbulence,
the fluid moves rapidly from the center to the side of
the ladle and slows along the wall, then returns to
the plume to complete a recirculation loop. Figure 2
illustrates the relationship between the mass trans-
fer parameter, ka, and the gas flow rate, Q, ranging
from 2.85 L/m to 8.56 L/m. It is seen that ka
increases linearly with Q0.55 (R-squared = 97.9%).

To understand the phenomenon behind the evo-
lution of the mass transfer parameter with respect
to the gas flow rate, several factors, including oil
volume fraction, water velocity, eddy viscosity and
turbulent eddy dissipation rate, were investigated.
Figure 3 indicates the volume fraction of oil at
different gas flow rates. The water–oil interface is
located mainly in the periphery of the ladle where
the oil volume fraction is less than 1, meaning that
the remaining part is occupied by the water volume
fraction. The figure shows a relatively minor differ-
ence between the four cases, meaning that, at low
gas flow rates, the impact of gas flow rate on the
total interfacial area seems insignificant. From
Fig. 4, it can be observed that the water velocity
near the interface is larger at higher gas flow rates.
This is because a stronger agitation, caused by a
higher gas flow rate, promotes recirculation and
improves mass transfer. The turbulence near the
water–oil interface is also improved, as the water
eddy viscosity and the turbulent eddy dissipation
rate are generally more intense at higher gas flow
rates. To summarize, although the gas flow rate
does not have much influence on the interfacial
area, it clearly affects eddy diffusion and therefore
controls mass transfer in this specific gas flow rate
regime. This result shows a good agreement with
several studies. Hirasawa et al.44 established a
correlation between the mass transfer coefficient, k,
and the gas flow rate in a Li2O–SiO2–Al2O3 slag–
molten Cu reaction system for Si oxidation. They
found that k varies with Q at a different exponent of
dependency, depending on the range of gas flow
rate. In particular, at a specific low gas flow rate, k
is proportional to the square root of Q. Further
attempts were made to verify the relationship
between k and Q0.5, such as by Staples and Robert-
son,45 who performed mercury–water physical
experiments, and by Taniguchi et al.,46 who

Fig. 1. Liquid–liquid mass transfer behavior (experimental and pre-
dicted). Fig. 2. Effect of gas flow rate on mass transfer parameter, ka.
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measured the rate of CO2 absorption at the free
surface of a water bath. Likewise, previous exper-
imental investigations4,47–49 have also identified a
direct relationship between the gas flow rate and
the volumetric mass transfer coefficient. The expo-
nent on the gas flow rate is an indication of the
intensity that this variable affects mass transfer.
However, the exponent values reported in these
experimental studies have a large discrepancy,
ranging from 0.4 to 1.4. This can be explained by a
complex emulsification effect inside the ladle, which
is specific to each multiphase system. It is well
known50 that emulsification is enhanced in those
systems, with a low density ratio between the two
liquid phases. In cases where emulsification occurs,
mass transfer is largely increased because of a
substantial rise in interfacial area. The exponent
cannot therefore be compared directly if the systems
are different. It is necessary to clarify that the
present model is only attributed to a particular
water–oil system investigated at low gas flow rates
and not suited to predict emulsification.

Effect of Slag Thickness

Figure 5 shows the relationship between the oil
(i.e., slag) thickness and the mass transfer param-
eter, ka. It can be seen that an increase in slag
thickness causes a significant increase in mass
transfer rate. There are several explanations for
this trend. The most general explanation is that the
slag eye area decreases as the slag thickness
increases, promoting a higher interfacial area.21,44

In addition to this, the mass fraction of sulfur (i.e.,
thymol) decreases when the volume of the slag
increases; the driving force for mass transfer from
the water to the slag phase is thus increased.28 The
slag volume fraction contours obtained from the

numerical model fit very well with this explanation,
as the interfacial area increases with the slag
thickness. Regarding turbulence, there are, how-
ever, some conflicts in explaining the impact of slag
thickness. Singh et al.21 and Hirasawa et al.44

stated that the slag thickness has little or almost no
influence on k, meaning that only fluid flow in the
metal phase is considered to influence the metal-
side mass transfer. In contrast, Kim and Fruehan4

and Cao et al.33 found that a high volume of slag
promotes a stronger circulation inside the slag
layer. With the numerical approach, it is possible
to investigate this phenomenon in greater detail.
Based on the water eddy viscosity and water eddy
dissipation rate fields obtained from the CFD mod-
els, it confirms that the turbulence tends to be
stronger because of the presence of more slag,
resulting in a better transportation of species.

Effect of Slag Viscosity

Figure 6 indicates that the oil (i.e., slag) viscosity
has a negligible effect on the volumetric mass
transfer coefficient, ka, taking into account that
there is a small tendency that the volumetric mass
transfer coefficient decreases as the slag viscosity
increases. At low gas flow rates, with a two-fold
increase in slag viscosity from 40 cP to 83 cP
(0.04 kg/ms to 0.083 kg/ms) there is a decrease of
less than 5% in the volumetric mass transfer
coefficient. At higher gas flow rates, there are no
differences in the volumetric mass transfer coeffi-
cient as the gas flow rate increases. This behavior is
because the main forces that affect mixing phenom-
ena are inertial and gravitational, while the viscous
forces play a minor role. Similar observations were
also reported by Kim and Fruehan4 and Patil et al.51

The latter measured mixing time using four

Fig. 3. Contours of oil volume fraction at different gas flow rates: (a) Q = 2.85 L/min, (b) Q = 4 L/min, (c) Q = 6 L/min, and (d) Q = 8 L/min.
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different types of oils with different viscosities. The
final relationship, derived from dimensional analy-
sis, reported an exponent of 0.016 on the term
associated with the slag viscosity, in contrast to
values from 0.3 to 1 for other terms involving the
gas flow rate, height of liquid steel or slag thickness.

Mass Transfer Correlation

The gas flow rate (Q, L/min) and the oil thickness
(h, m) was correlated with the liquid–liquid mass
transfer parameter (ka, 1/min) by using multiple
regression analysis. The results of fitting a multiple

linear regression model (with R-squared of 98%)
describe the relationship between ka and two
independent variables, Q and h:

ka ¼ 0:0586Q0:459h0:612 ð12Þ

This equation is valid for a range of gas flow rates
from 2.85 L/min to 8.56 L/min and of oil thickness
from 1.65 mm to 11.54 mm. Based on this, the
relationship between volumetric mass transfer
parameter and gas flow rate is corrected to
ka� Q0.46.

Fig. 4. Flow field of water at different gas flow rates near the water–oil interface (indicated in a box): (a) Q = 2.85 L/min, (b) Q = 4 L/min, (c)
Q = 6 L/min, and (d) Q = 8 L/min.

Fig. 5. Effect of slag thickness on mass transfer parameter at
Q = 2.85 L/min.

Fig. 6. Effect of slag viscosity on mass transfer parameter at dif-
ferent gas flow rates.
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Mixing Time

The efficiency of a physical–chemical process
depends largely on the mixing degree. To under-
stand the transport phenomena in a gas-stirred
system, the mixing behavior needs to be investi-
gated. Traditionally, the mixing efficiency of a
specific ladle is simply qualified as the mixing time.
By definition, mixing time is the time taken to
homogenize the liquid contents of the fluid domain
after a step change in composition.26 Physically,
measuring all the local concentrations of a tracer is
infeasible, and there always exist some dead points
where instantaneous concentration never reaches
the average homogenous value of the fluid domain.
Therefore, a set of monitoring points have been
chosen and a specific mixing time measured for each
point; the mixing time tmix is then defined to be an
average of these measurements. At a gas flow rate of
2.85 L/min, the mixing time is 8.3 s, considering the
degree of mixing of 0.95. Figure 7 shows the rela-
tionship between mixing time and gas flow rate
described by the following expression:

tmix ¼ 12:55Q�0:412; ð13Þ

where tmix is in s and Q is in L/min. The result from
this study is in accordance with well-established
investigations. Without the presence of the slag
phase, Asai et al.24 and Mazumdar52 established the
relationship for Froude-dominated flows: tmix�
Q�0.333. The presence of the slag layer causes an
increase in the mixing time due to a loss of energy
and slowing down of recirculatory flow,2,52–54 thus
tmix � Q�0.412 as compared to tmix� Q�0.333. Thus
Eq. 13 has the higher exponent and therefore the
higher dependency on the gas flow rate, Q. A similar
finding was reported by Kim and Fruehan4 when
n = � 0.32 without a slag layer and n = � 0.43 with
slag layer.

Mass Transfer and Mixing Time

In general, liquid–liquid mass transfer and mix-
ing are both treated as first-order reversible pro-
cesses. Mixing time is defined for homogenization,
while mass transfer is defined in terms of conver-
sion. From the literature, mixing time (95% homog-
enization) and 95% conversion time for mass
transfer-controlled reactions are in the same overall
range.2 However, in this study, at a gas flow rate of
2.85 L/min, mixing time is approximately 5–8 s,
while 95% conversion requires 140 min, equivalent
to 8400 s. In other words, mixing inside the ladle is
accomplished at a much shorter time, but the full
removal of impurities requires a much longer time,
specifically by two orders of magnitude, which
proves that mass transfer is the rate-limiting step
in the process, as was also noted by Kim and
Fruehan.4 When the gas flow rate increases, mixing
occurs more quickly and the mass transfer rate
increases; the process is therefore optimized.

CONCLUSION

A comprehensive numerical model has been
developed to study the liquid–liquid mass transfer
in gas-stirred ladles under low gas flow rate condi-
tions. The two-resistance approach has been used to
compute the mass transfer behavior based on the
small eddy theory. A good agreement is obtained
between the numerical and the experimental
results. Both the mass transfer parameter and the
mixing time are found to be directly dependent on
the gas flow rate. The mass transfer parameter, ka,
is proportional to Q0.46 while the mixing time is
inversely proportional to Q0.412. In a low gas flow
rate regime (i.e., from 2.85 L/m to 8 L/m), when the
gas flow rate increases, the mixing process is
enhanced and mass transfer occurs more quickly.
Based on the difference in the magnitude of the time
needed for mixing and 95% conversion for mass
transfer, it can be concluded that the desulfuriza-
tion rate in a ladle is mass transfer-controlled. The
mass transfer parameter was correlated with the
gas flow rate, the oil thickness and the oil viscosity.
The oil thickness is found to positively affect the
mass transfer rate, while the oil viscosity does not
influence the mass transfer process. When the oil
thickness increases, mass transfer occurs more
quickly due to a substantial increase in the inter-
facial area, a stronger turbulence and a higher
driving force. Based on these observations, a math-
ematical correlation involving air (gas) flow rate, oil
(slag) thickness was established.
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