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Mass Transfer in Steelmaking Operations

Roberto Parreiras Tavares
Federal University of Minas Gerais
Brazil

1. Introduction

The productivity of steelmaking processes, including production and refining of liquid steel,

depends on the mass transfer rates. Due to the high temperatures involved in the processing

of liquid steel, the rate controlling step of the processes is usually a mass transfer step.

In steelmaking operations, different situations of mass transfer can occur, depending on the

phases involved,

- liquid-liquid mass transfer, in the case of reactions involving liquid steel and slag;

- liquid-gas mass transfer, when a gas is injected into or onto liquid steel;

- liquid-solid mass transfer, when solid particles are injected into liquid steel to promote
refining reactions.

In all these situations, the evaluation of the mass transfer coefficient and the identification of

the factors that affect its value are very important tasks. Different techniques have been

developed to evaluate the mass transfer coefficient. These techniques vary according to the

phases involved in the system being analysed.

In the present chapter, the mass transfer coefficients will be defined. Then, the different

techniques that have been adopted to evaluate the mass transfer coefficient will be

presented and briefly discussed. Finally, a case study, analysing the mass transfer rate

during decarburization in the RH degasser, will be described and discussed.

2. Mass transfer coefficient

2.1 Definition
The mass transfer rate of a certain component A between two phases can be expressed by
the following relationship

oC
0X |y

ja=-Dj,. S 1)
where
ja = mass transfer rate of component A (kg/s);
S = interface area (m?);
D4 = diffusion coefficient of component A in a certain phase (m2/s);
0C,
ox x=0

(kg/m?).

= concentration gradient of component A at the interface between the two phases
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256 Mass Transfer in Multiphase Systems and its Applications

In equation (1), the mass transfer rate is defined only in terms of diffusion. At the interface
between two fluid phases, there is also an additional contribution to the mass transfer rate
due to bulk flow.

The application of equation (1) in the evaluation of mass transfer rates presents some
difficulties. It is then usually necessary to resort to experimental data to determine the mass
transfer rate. To obtain experimental data, a mass transfer coefficient, defined by equation
(2), is normally used.

ja =k.S. (CA-CR) (2)
aC,
-D,.—=
k= _ ox SX:O (3)
(CA - CA)

Combining equations (1) and (2), an expression for the mass transfer coefficient can be
obtained.

It is also useful to define a volumetric mass transfer coefficient, which is the product of the
mass transfer coefficient and the interface area.

ky =k.S (4)

where ky is the volumetric mass transfer coefficient (m3/s).

In steelmaking systems, when there is chemical reaction and component A is transferred
from one phase to the other, the concentration of A at the interface is close to the
equilibrium concentration, since the mass transfer is usually the rate controlling step in
these situations.

2.2 Evaluation

The value of the mass transfer coefficient can be deduced based on first principles. In this
case, it is necessary to model the flow of the phases and to determine the concentration
gradient at the interface. Then, equation (3) is applied and the mass transfer coefficient is
determined. The values of the mass transfer coefficient are then expressed in terms of
correlations involving dimensionless numbers (Sherwood, Reynolds, Grashof and Schmidt).
This method is normally applied to simple situations, usually in one dimensional flow. In
more complex situations, this method can also be adopted but it will be necessary to solve
the Navier-Stokes equations (laminar or turbulent form, according to the kind of flow) and
the mass conservation equations for the species involved.

In steelmaking processes, the mass transfer coefficient is usually estimated based on
experimental results. Due to the costs and difficulties associated to experiments with liquid
steel, physical modelling of the industrial processes, using water to simulate liquid steel, is
usually adopted to investigate mass transfer rates.

Recently, Singh et al (2009) investigated mass transfer between slag and metal in a physical
model of a BOF converter. Different oils were used to simulate liquid slag. To evaluate the
mass transfer rate, the distribution coefficient of benzoic acid between water and oil was
determined. Assuming that the mass transfer rate between the two fluids owing to mixing
of the phases was of first order, the authors estimated the mass transfer rate constant, which
is related to the mass transfer coefficient.
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Mass Transfer in Steelmaking Operations 257

Wei et al (2007) used the dissolution of sodium chloride powder to determine the mass
transfer coefficient in a physical model of a RH degasser.

A different approach was adopted by Sakaguchi & Ito (1995) to analyse the mass transfer
process in gas stirred vessels under reduced pressure. In this investigation, the desorption of
CO; from aqueous solutions was used to deduce the volumetric mass transfer coefficient,
assuming that the process is controlled by mass transfer. A similar technique was used by
Maruoka et al (2010) to investigate the effect of the bottom bubbling condition on surface
reaction on an oxygen-water system, simulating refining of steel in a ladle. In this case, the
desorption of oxygen was monitored during the experiments.

In industrial systems, the mass transfer coefficient is usually obtained by curve fitting to
experimental data. A mathematical model, based on mass transfer control, is proposed.
Variations of concentration of a certain component as a function of time are predicted and
compared to experimental data. A mass transfer coefficient that leads to the best agreement
between experimental data and theoretical predictions is then determined (Kitamura et al,
2009; Hamano et al, 2004).

In the next section, a case study, analysing mass transfer rate during decarburization in the
RH degasser will be presented and discussed.

3. Case study: decarburization in the RH degasser

3.1 Introduction

The RH process is a secondary refining process that can simultaneously attain significant
levels of removal of interstitial elements, such as nitrogen, hydrogen and carbon elements,
from liquid steel.

In this process, the melt circulation and the decarburization rates play a very significant role
in determining the productivity of the equipment. In previous investigations, the melt
circulation rate in the RH process has been evaluated by means of mathematical modeling
(Park et al, 2001; Park et al, 2000), physical modeling (Kamata et al, 1998; Seshadri & Costa,
1986; Nakanishi et al, 1975) and also using data obtained in industrial plants (Kondo et al,
1989; Kuwabara et al, 1988). The effects of different parameters, such as argon flow rate,
snorkels diameters, pressure in the vacuum chamber and position of the argon injection
points, on the melt circulation rate have been analyzed in these investigations.

The decarburization rate in the RH process has also been studied using data from plant
trials (Inoue et al, 1992; Yamaguchi et al, 1992; Kishimoto et al, 1993; Takahashi et al, 1995),
lab scale experiments (Inoue et al, 1992; Kishimoto et al, 1993) and water models (Inoue et al,
1992; Seshadri et al, 2006). Mathematical models have been proposed to evaluate the
decarburization kinetics. The roles of the different reaction sites, interfaces between molten
steel and argon bubbles injected into the snorkel, free surface of the molten steel in the
vacuum chamber and bubbles of carbon monoxide, have been analyzed (Takahashi et al,
1995). It is general agreement that, at low carbon concentrations, the decarburization rate is
controlled by the carbon mass transfer, and that a first-order equation can describe the
decarburization kinetics (Inoue et al, 1992; Yamaguchi et al, 1992; Takahashi et al, 1995).

In this case study, the melt circulation rate and the decarburization reaction in the RH
process have been studied by means of physical modeling. The effects of the gas flow rate
and of the diameter of the nozzles used in the gas injection have been analyzed. The
decarburization reaction of liquid steel was simulated using a reaction of CO, desorption
from caustic solutions (Guo & Irons, 1998).
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258 Mass Transfer in Multiphase Systems and its Applications

3.2 Methodology

The experiments with the physical model were divided in two parts, one to evaluate the melt
circulation rate and the other to determine the decarburization rate. These experiments are
described below, after a description of the physical model and of the experimental set-up.

3.2.1 Experimental set-up
A schematic view of the physical model of the RH degasser is depicted in Fig. 1.

Vacuum gauge

To vacuum pump ||Vacuum vessel

Computer

Gas | Mass |Compressor
distribution Flowmeter

Conductivity Tracer injection

Sensor

Fig. 1. Schematic view of the experimental set-up

Table 1 presents the dimensions of the physical model and the main characteristics of the gas
injection system. These dimensions correspond to a 1:5 scale of an industrial RH degasser.
During the experiments, air supplied by a compressor was injected in the upleg snorkel. The
flowrate was measured by a mass flowmeter and controlled manually. There were no
individual measurements of flowrate for each injection nozzle. To equally distribute the gas
flow rate among the nozzles, the air was first injected in the central region of a small
chamber. This chamber was connected to each nozzle using pipes with the same length and
diameter.

The pressure in the vacuum chamber was controlled by a system of valves and monitored
by a pressure gauge.

The levels of water in the ladle and in the vacuum chamber were controlled and kept
constant in all the experiments.

www.intechopen.com



Mass Transfer in Steelmaking Operations 259

Parameters Value
Ladle:
- upper diameter (m) 0.720
- lower diameter (m) 0.648
- height (m) 0.750
- liquid level (m) 0.655
Vacuum chamber:
- diameter (m) 0.415
- height (m) 0.700
- liquid level (m) 0.090
- pressure (Pa - gauge) - 2700
Snorkels:
- length (m): 0.312
- diameter (m) 0.120
- depth of immersion (m) 0.120
- distance between centers (m) 0.300
Gas injection:

- flowrate (STP 1/min) 50 - 500
- nozzles:
- number 10
- diameters (mm) 1.0,15,2.8
- position (below liquid level) (m) 0.04

Table 1. Characteristics of the RH physical model

3.2.2 Melt circulation rate

To determine the melt circulation rate, the method used by Seshadri et al (2006) was
adopted. In this procedure, a solution of potassium chloride is injected in the upleg snorkel
in the form of a pulse. The concentration of KCl in the downleg snorkel is then continuously
monitored. Since the electrical conductivity of water is affected by the presence of KCl, its
concentration was calculated based on the signal generated by the electrical conductivity
sensor, using a calibration curve previously determined.

Fig. 2 illustrates typical curves representing the variation of concentration of KCl in the
downleg snorkel as a function of time. The circulation rate was estimated using the
following equation

v
F=x—p ()
ac

where

I' is the circulation rate (kg/s);

V is the volume of water in ladle (m?3),

A is the area under the curve during the first peak (kg.s/m?3) (see Fig. 2),

AC is the variation of concentration of KCI at the end of the experiment (kg/m?3),
p is the density of the circulating fluid (kg/m3).
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Fig. 2. Typical curves obtained in the experiments to evaluate the melt circulation rate

To guarantee the reliability of the experiments, the mass balance of KCI was verified in all
the tests. Ten experiments were carried for each experimental condition.

3.2.3 Decarburization rate

The desorption of CO, from caustic solutions was used to simulate the decarburization
reaction of liquid steel (Guo & Irons, 1998). In these experiments, CO, was injected into an
aqueous solution of sodium hydroxide (NaOH) with a concentration of 0.01 g.mol/l, until
the pH reached a preset value (approximately 6.5). At this point, the operation of the RH
physical model was started, with the injection of air at the upleg snorkel. This injection leads
to CO; desorption and to an increase in the pH of the circulating fluid. The variation of the
pH was monitored during the entire test at a frequency of 0.33 Hz. A calibration curve was
used to convert pH values into aqueous CO» concentration. Different locations for the pH
sensor were adopted, without significant differences in the results. Air flowrates, ranging
from 50 to 500 STP 1/ min, were used in the tests. Nozzles with diameters of 1.0, 1.5, 2.2 and
2.8 mm were also tested in the simulations. The remaining conditions were kept constant in
all the experiments. Three experiments were run for each experimental condition. Fig. 3
shows a typical variation of aqueous CO, concentration during a test to evaluate the
decarburization rate.

3.3 Results and discussion

3.3.1 Melt circulation rate

The variation of the melt circulation rate as a function of the gas flow rate for the different
diameters of the injection nozzles is presented in Fig. 4. For a given diameter of the nozzle,
the circulation rate tends to increase when the gas flow rate increases. Above a certain flow
rate, the circulation rate remains approximately constant or shows a slight tendency of
reduction. This kind of behavior has also been determined in other works (Park et al, 2001;
Seshadri & Costa, 1986; Seshadri et al, 2006).
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Fig. 3. Typical variation of aqueous CO; concentration as a function of time during a test

An increase in the diameter of the injection nozzles leads to higher circulation rates. According
to Park et al (2001), this effect can be analysed considering the variation of the plume area in
the upleg snorkel. To confirm that, during the experiments, images of the cross section of the
upleg snorkel were obtained using a video camera. These images were post processed to
identify the area occupied by the plume. Fig. 5 illustrates the original and the post processed
images taken from the upleg snorkel. In Fig. 5, the black area represents the plume.

-\..4

Melt circulation rate (kg/s)
3 e

-= Nozzle: 1.0 mm
=+ Nozzle: 1.5 mm
«+Nozzle: 2.2 mm

-+ Nozzle: 2.8 mm
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Gas flow rate (STP 1/min)

Fig. 4. Variation of the melt circulation rate with gas flow rate for different nozzles diameters
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Nozzle: 2.8 mm

a) b)
Fig. 5. a) Image taken from the cross section of the upleg snorkel. b) Post processed image
identifying the plume
Fig. 6 presents the results of circulation rate and the percentage of the area of the upleg snorkel
that is occupied by the plume, for the experiments with nozzles of 1.5 and 2.8 mm in diameter.
Similar trend was observed for the other nozzles. Based on these results, it is possible to
analyze the variation of the circulation rate in terms of the variation of the plume area in the
upleg snorkel. This supports the theoretical analysis carried out by Park et al (2001). Fig. 7
presents a graph of the circulation rate as a function of the plume area, showing a linear
relationship between these two variables, within the conditions tested in the present work.
In an attempt to generalize the results for the circulation rate, a dimensionless circulation
rate was defined as:

2
Dimensionless Circulation Rate = —95- (6)

8-do
where
Vs is the velocity of the fluid in the downleg snorkel (m/s),
g is the acceleration due to gravity (m/s?),
d, is the diameter of the nozzle (m).
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Fig. 7. Variation of the melt circulation rate with the plume area in the upleg snorkel

This parameter was correlated to the modified Froude number defined as

2
Fr = ng

__ PgY 7
"] g (e —py) 7

where

pg is the density of the gas injected (air) (kg/m3),

Q is volumetric flow rate of the gas injected in the upleg snorkel (m3/s),

p1is the density of the liquid (water) (kg/m3).

The results for different nozzles are presented in Fig. 8. It can be seen that there is a
logarithmic relationship between the two parameters and that one single equation fit the
results for the different nozzles. The relation between these two dimensionless numbers is
reasonable, since the modified Froude number is related to the geometry of the plume
formed in the upleg snorkel (Sato et al, 2004).

3.3.2 Decarburization rate
In the model proposed by Yamaguchi et al (1992), the variation of the concentration of
aqueous CO; (shown in Fig. 3) can be expressed by a first order reaction rate given by

dCo,

— +=K(Cco,, -cg‘g)zaq) 8)

where

Ccoagq 18 the concentration of aqueous CO; in the ladle (mg/1),

t is the time (s),

K is the reaction constant (s-1),

Cedcog,q 18 the concentration of aqueous CO; in equilibrium with the gas phase.
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In this model, the rate constant is given by

K- ®
W=+
I' akp

o 25
g
2
2 20 -
= y = 1.87. ln(x) + 2.25
R=i 2
v R =0.93
i
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L 15
=
-g Nozzle diameter (mm)
g m]l.0
:
[a) 101 Al.5

2.8
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Modified Froude number

Fig. 8. Relation between the dimensionless circulation rate and the modified Froude number

where

W is the mass of water in the ladle (kg),
I' is the circulation rate (kg/s),

a is the reaction area (m?2),

k. is the mass transfer coefficient (m/s),
p is the density of water (kg/m?3).

The following assumptions were made in the development of this model:

- the reaction rate is controlled by mass transfer in the liquid,

- the liquid is perfectly mixed in the ladle and in the vacuum chamber and

- the amount of liquid in the ladle is much larger than that in the vacuum chamber.
All these assumptions seem very reasonable in the present investigation.

Equation (8) can be integrated to give

(Ceo,,Ceh,.)

n— - =kt (10)
(CCOZaq 'Ccozaq )

where Cicoy,, is the initial concentration of aqueous CO,.
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A plot of the experimental data is presented in Fig. 9. This graph indicates that the results
are very well reproduced by equation (10). The value of K is given by the slope of the
straight line.

The product a.k. can be estimated using equation (9). This product represents the volumetric
mass transfer coefficient.

Fig. 10 presents the variation of the logarithm of the volumetric mass the transfer coefficient
as a function of the logarithm of the gas flow rate (Q). Sakaguchi and Ito(5 also calculated
the volumetric mass transfer coefficient for gas stirred vessels under reduced pressure. They
expressed the mass transfer coefficient as a function of the gas flow rate. According to their
analysis, the mass transfer coefficient was expected to be proportional to the 0.744 power of
the gas flow rate (although their experimental results indicated a power of 0.717), when the
vacuum chamber pressure and the temperature are constant. The straight line with a slope
of 0.744 is also indicated in figure 10.

Time (s)

)
)

100 200 300 400 500 £00 700 8[%0

€q
CO»,
€q
“COQ

Cco,
i

(C
CO,

y = - 0.0057.x

R2 = 0,998

Fig. 9. Experimental data plot according to equation (10)

In the region of low flow rates, the slopes of the curves are similar to that indicated by
Sakaguchi & Ito (1995). At higher flow rates, particularly for the nozzles with diameters of
1.5 and 2.8 mm, there is an increase in the slope above a certain flow rate. The behavior
observed in Fig. 10 can be analyzed considering that there are two sites for the reaction to
occur. One is in the interface between the gas and the liquid in the upleg snorkel. The other
site is in the vacuum chamber and is usually associated to the splash that occurs there. In
their study, Sakaguchi & Ito (1995) admitted that the contribution of the mass transfer at the
free surface could be neglected. Apparently, the slope of 0.744 is valid for situations where
the contribution of the mass transfer at the free surface is small. When this contribution is
more significant, i.e. when the splash in the vacuum chamber is more pronounced, there is a
tendency of the slope to increase. This is probably the cause of the increase in the slope
observed in Fig. 10, especially for nozzle diameters of 1.5 and 2.8 mm.
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Fig. 10. Relation between the gas flow rate and the volumetric mass transfer coefficient for
the three nozzle diameters

In a previous work developed with a copper converter, Themelis & Schmidt (1967) related
the volumetric mass transfer coefficient to the nozzle Reynolds number. They determined a
linear relationship between the mass transfer coefficient and the Reynolds number in the
range of 2,000 to 9,000. The same straight line fit the results for different nozzle diameters.
Fig. 11 shows the values of the mass transfer coefficient as a function of the nozzle Reynolds
number obtained in the present work. In the low Reynolds region (Re < 15,000), the effect of
the nozzle diameter is relatively small and the results indicate a linear relationship between
the mass transfer coefficient and the Reynolds number. For Reynolds number above 15,000,
the linear trend remains, but the slopes of the lines for the different nozzles increase. The
magnitude of this increase varies according to the nozzle diameter. For the 1.0 mm nozzle,
the variation is very small. For the other two nozzles, the variation is more noticeable.

The behavior observed in Fig. 11 can also be analyzed considering the two reaction sites.
The relevance of each site changes according to the Reynolds number and to the nozzle
diameter. For the 1.0 mm nozzle, the jet coming from the nozzle disrupts in very small
bubbles, with large surface area. In this case, the site in the upleg snorkel has a significant
role even when the splash in the vacuum chamber is pronounced. For the nozzles with
bigger diameters, particularly for those with 2.8 mm diameter, the effect of the splash
becomes more relevant at higher Reynolds number, especially when a swinging motion of
the bath surface is observed (Sato et al, 2004). This effect is probably responsible for the
increase in the slopes of the lines observed in Fig. 11.
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Fig. 11. Volumetric mass transfer coefficient as a function of the nozzle Reynolds number

Fig. 12 depicts images of the vacuum chamber, when different nozzles are used. The nozzle
Reynolds number is approximately the same in three pictures. The splash is more
pronounced for the 2.8 mm nozzle diameter and is certainly leading to the higher

volumetric mass transfer coefficients observed in Fig. 11.

Y

-

a) Nozzle: 1.0 mm
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Fig. 12. Images of the vacuum chamber when different nozzles are used. Nozzle Reynolds
number = 20,000
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4. Conclusions

Mass transfer plays a significant role in determining the rate of steelmaking operations.
Therefore, the evaluation of the mass transfer coefficient and the identification of the factors
that affect the mass transfer rate are very important tasks. After defining the mass transfer
coefficients and briefly discussing the techniques applied in their evaluation, a case study,
analysing decarburization in the RH degasser was presented.

In this case study, a physical model was used to study the circulation rate and the kinetics of
decarburization in a RH degasser. The effects of the gas flow rate and of the diameters of the
nozzles used in the gas injection were investigated. The decarburization of liquid steel was
simulated using a reaction of desorption of CO, from caustic solutions.

The results showed that the circulation rate increases with an increase in the diameter of the
nozzles and in the gas flow rate. The effect of the gas flow rate becomes less significant at
higher flow rates. A relationship between a dimensionless circulation rate and the modified
Froude number was determined. This relationship fit the results for all nozzle diameters
tested.

The kinetics of the reaction follows a first order equation and is controlled by mass transfer
in the liquid phase. The reaction rate constant was affected by the gas flow rate and nozzle
diameter. An increase in the gas flow rate lead to an acceleration of the reaction. For a given
flow rate, the smaller nozzle tend to give higher reaction rates.

A volumetric mass transfer coefficient was calculated based on the rate constants and on the
circulation rate. The logarithm of the mass transfer coefficient showed a linear relationship
with the logarithm of the gas flow rate. The slope of the line was found to vary according to
the relevance of the reaction at the free surface in the vacuum chamber.

A linear relationship between the volumetric mass transfer coefficient and the nozzle
Reynolds number was also observed. Again, the slopes of the lines changed according to the
relative importance of the two reaction sites, gas-liquid interface in the upleg snorkel and in
the vacuum chamber (mainly due to the splash). At higher Reynolds number, the reaction in
the vacuum chamber tends to be more significant.
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