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Abstract

Modeling of turbulent two phase flow is not a simple task, particularly under the conditions prevailing in metallurgi-
cal reactors. Different forces have to be considered and different models have been proposed to evaluate these forces.
None of these models has been fully validated and they usually require the definition of coefficients whose values change
according to the system being studied. In the case of the RH degasser, the variations of pressure and temperature inside
the computational domain and the presence of a free surface add more difficulties to the development of an accurate
mathematical model. In the present work, a mathematical model for two phase flow in a RH degasser has been developed
using the commercial software Ansys-CFX. In this first approach, the mathematical model was developed to simulate two
phase flow in a physical model of the RH degasser, using water to simulate steel. In this physical model, the variations of
pressure are much less significant and an isothermal domain can be considered. Different models for turbulence and also
for the interphase drag and non-drag forces have been considered. An Eulerian-Eulerian approach has been adopted. The
predictions of the model in terms of melt circulation rate were compared to experimental results obtained in a physical
model of a RH degasser. In this model, water was used to simulate liquid steel and air was used to simulate argon. The
melt circulation rate in the physical model was determined by the injection of a solution of potassium chloride at the upleg
snorkel and measuring the variation of its concentration with time at the downleg snorkel. Images taken from the physical
model at the upleg snorkel and of the vacuum chamber were also used to validate the predictions of the model. The pre-
dictions of melt circulation rates with the different versions of the mathematical model were close to the experimental re-
sults, but none of the models could exactly reproduce the variation of the melt circulation rate with the gas flow rate.
These results indicate that some adjustments are still required to improve the quality of the predictions of the mathemati-
cal model.
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INTRODUCTION

between the vacuum chamber and the ladle is in-

The RH process is a refining process used in the
production of interstitial free steels. In this process,
vacuum and inert gas injection promote the refining
reactions (removal of C, H and N). The vacuum
chamber is connected to the ladle containing liquid
steel by two snorkels. The circulation of liquid steel
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duced by gas injection through nozzles located at the
upleg snorkel. The circulation rate has a significant
effect on the decarburization and degassing rates
and, consequently, on the productivity of the equip-
ment.
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Mathematical and/or physical modeling (Park et
al., 2000; Park et al., 2001; Kamata et al., 1998;
Seshadri & Costa, 1986) and also data from indus-
trial units (Kondo et al., 1989) have been used to
evaluate the melt circulation rate. The effects of
argon flow rate, snorkels diameters, pressure in the
vacuum chamber and location of the argon injection
points, on the melt circulation rate have been stud-
ied.

Mathematical modeling of two phase flow in a
RH degasser can be useful to understand the behav-
ior and the interactions between the gas and the lig-
uid. These interactions play a significant role in de-
termining the efficiency of the process.

The first mathematical models (Kato et al.,
1993) for fluid flow in RH degassers were single
phase models focused on the flow pattern inside the
ladle. In these models, the melt circulation rate was
assigned based on empirical correlations, expressed
in terms of gas flow rate, diameters of the snorkels
and pressure in the vacuum chamber. These mathe-
matical models could not predict the melt circulation
rate and did not simulate the flow in the vacuum
chamber, where most of the decarburization occurs.

More recently, Park et al. (2000; 2001) proposed
a mathematical model to simulate fluid flow in a RH
degasser. The effect of the gas on the flow was con-
sidered by introducing a buoyancy force in the mo-
mentum conservation equations. The trajectory and
the shape of the plume were calculated by a separate
model. The superposition of the plume zones was
also included in the model. Expansion of the gas
bubbles due to the pressure variations was consid-
ered and its effect incorporated in the buoyancy
force. The predictions in terms of melt circulation
showed good agreement with experimental results
obtained in a water model; however, the mathemati-
cal model did not simulate the two phase flow, par-
ticularly the flows of liquid and gas inside the vac-
uum chamber, which present a significant effect on
the decarburization rate.

In modeling the two phase flow in the RH proc-
ess, different forces have to be considered and dif-
ferent models have been proposed to evaluate these
forces. None of these models has been fully vali-
dated and they usually require the specification of
coefficients whose values change according to the
system being studied.

In the present work, a mathematical model for
two-phase flow in a RH degasser has been devel-
oped using the commercial software Ansys-CFX.
Different models for turbulence and for the inter-

phase drag and non-drag forces have been consid-
ered. An Eulerian-Eulerian approach has been used.

Different simulations have been carried out ana-
lyzing the effects of the gas flow rate on the melt
circulation rate. The results with the different ver-
sions of the model were also compared.

The predictions of the model in terms of melt
circulation rate were compared to experimental re-
sults obtained in a physical model of a RH degasser.
In this model, water was used to simulate liquid steel
and air was used to simulate argon. The physical
model was built in a 1:5 scale of an industrial RH.
The similarity criterion was based on the modified
Froude number. Images taken from the physical
model at the upleg snorkel and of the vacuum cham-
ber were also used to validate the predictions of the
model.

2. METHODOLOGY

2.1. Mathematical modeling

The mathematical model was developed to simu-
late two phase flow in a physical model of a RH
degasser. The physical model was built in a 1:5 scale
of an industrial degasser. The main dimensions of
the physical model and the characteristics of the gas
injection system are presented in table 1.

The numerical simulations were developed con-
sidering steady-state condition. Fully converged
solutions for the velocity fields (for water and air)
and turbulence parameters were attained. Isothermal
condition was assumed in all the simulations. The
more accurate high resolution (Ansys, 2006) advec-
tion scheme, available in Ansys-CFX, was used in
all simulations. After the convergence criterion has
been met (RMS inferior to 10 for all variables),
more iterations were performed to guarantee that the
results were not significantly changing, particularly
the volume fractions of air and water.

To solve the conservation equations for both
phases, water (continuous phase) and air (dispersed
phase), the commercial CFD software Ansys CFX
was used. An Eulerian-Eulerian approach consider-
ing inhomogeneous multiphase flow was adopted.
The free surface inside the vacuum chamber was
considered flat. The conservation equations for this
kind of simulation are well known and are not re-
produced here. Under-relaxation was applied to all
the conservation equations (physical time scale of
0.001 s).
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Table 1. Characteristics of the RH physical model.

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:
- flow rate ( STP I/min) 50— 500
- nozzles:
o number 10
o diameter (mm) 1.0
o position (below liquid level) (m) 0.04

Due to the small variations of pressure in the
physical model, the expansion of the gas due to
pressure variation was not considered. Expansion of
the gas due to thermal and pressure effects must be
included when simulating an industrial RH degasser.
The buoyancy force was modeled considering the
density difference between the two phases. The fol-
lowing interphase momentum transfer models were
considered:

— drag force: Grace drag model (Ansys, 20006),

with a volume fraction correction exponent of 2;
— turbulent dispersion force: model proposed by

Lopez de Bertodano (Ansys, 2006), with a tur-

bulent dispersion coefficient of 0.3.

The lift, virtual mass and wall lubrication forces
were not considered in the present model. For the
continuous phase, the standard k-& model with scal-
able wall functions was adopted. For the dispersed
phase, turbulence was modeled with the dispersed
phase zero equation model (Ansys, 2006).

In flows with a dispersed phase, large bubbles
tend to increase turbulence in the continuous phase
due to the presence of wakes behind them. In the
present model, the Sato Enhanced Eddy Viscosity
model (Ansys, 2006) was used to simulate this ef-
fect. In the mathematical simulations, it was neces-
sary to specify the diameter of the bubbles that are
formed at the injection nozzles. Szekely and The-
melis (1971) reported experimental results showing
the variation of bubble diameters as a function of the
orifice diameter and the Reynolds number. Based on

these results, it was possible to estimate the bubble
diameters for the conditions considered in the simu-
lations. Values between 4 and 5 mm were deter-
mined. To verify if this parameter has a significant
effect on the results, values between 2 and 5 mm
were tested.

In numerical simulations of fluid flow, it is very
important to guarantee that the solution is grid inde-
pendent. To analyze the effects of the mesh distribu-
tion, different grid arrangements were considered.
Grid independent solutions were obtained with ap-
proximately 1.3 x10° elements. Special care was
taken to guarantee that the area for gas injection in
the mathematical model corresponded exactly to that
area in the physical model.

2.2. Boundary conditions

The entire RH degasser was simulated. Symme-
try was not considered, since the model is intended
to investigate the effects of clogging of some of the
nozzles used for gas injection.

No slip condition was assumed at the solid walls
and the scalable wall function option of Ansys-CFX
was adopted. The free surfaces at the vacuum cham-
ber and at the ladle were assumed flat and kept at
a constant level. A zero shear stress condition was
also assumed at the free surfaces. In the free surface
at the vacuum chamber, a degassing boundary con-
dition was also adopted.

At the gas inlets, a mass flow rate was specified.
Mass flow rates corresponding to volumetric flow
rates in the range of 50 to 500 STP 1/min were simu-
lated.

The numerical procedure was initiated assuming
that the entire domain was occupied by water.
A linear variation of the pressure along the vertical
direction of the domain was also considered. That
was crucial to promote convergence of the numerical
procedure.

2.3. Experimental setup

A schematic view of the experimental set-up is
depicted in figure 1. During the experiments, air
supplied by a compressor was injected in the upleg
snorkel. The flowrate was measured by amass
flowmeter and controlled manually. There were no
individual measurements of flowrate for each injec-
tion 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
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connected to each nozzle using pipes with the same
length and diameter.

In the experiments, air instead of argon was in-
jected in the upleg snorkel. Water was used to simu-
late liquid steel, since they both have approximately
the same kinematic viscosity. Froude and modified
Froude numbers were the same in the physical
model and in the industrial installation.

Vacuum ?auge

To vacuum pump ||| Facuum vessel

Computer //\

i ressor
distribution Flowmeter

Tracer injection

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

The pressure in the vacuum chamber was con-
trolled manually and monitored by a pressure gauge.
The water levels in the ladle and in the vacuum
chamber were controlled and kept the same in all the
experiments.

The melt circulation rate was evaluated using the
procedure adopted by Seshadri and Costa (1986).
This procedure is very well established and is not
reproduced here.

During the experiments, images of the cross sec-
tion of the upleg snorkel were captured by a video
camera. These images were compared to those ob-
tained by post-processing the results of the mathe-
matical model, identifying the area of the plume.

3. RESULTS AND DISCUSSION

3.1. Velocity field

Figure 2 presents the predictions of the water ve-
locity field in the symmetry plane of the RH degas-
ser (ladle and vacuum chamber). The flow pattern is
very similar in all the three situations presented.
Two recirculation regions are identified, one close to
the jet coming from the downleg snorkel, and the
other on the bottom of the ladle underneath the upleg
snorkel. Figure 2 also includes an image obtained in
the physical model, using the laser sheet technique.

The flow pattern predicted by the mathematical
model is very close to that observed in the physical
model.

a) b)

- acunm chamber
Vacuum chambe o =~

Downleg
snorkel i \

Downleg

| if " £
snorkel Upleg snorkel

Upleg snorkel

<) d)

Downleg

Upleg
snorkel

l} Upleg snorkel o okl

Fig. 2. Predicted water velocity field for different gas flow rates
and result of flow visualization experiment.

a) Gas flow rate: 100 STP 1/min

b) Gas flow rate: 250 STP 1/min

¢) Gas flow rate: 500 STP 1/min

d) Physical model. Gas flow rate: 250 STP 1/min. Flow visuali-
zation: laser sheet technique

3.2. Volume fractions

Figure 3 shows the predicted water volume frac-
tion variations at the symmetry plane in the upleg
snorkel for flow rates of 100 and 500 STP 1/min.
Figure 4 presents the variations of the water volume
fraction at the cross section of the upleg snorkel 0.05
m above the gas injection nozzles. The penetration
of the jets to the center of the upleg snorkel in-
creases for higher flow rates; however, the penetra-
tion is small as compared to the images shown in
figure 5, obtained in the physical model.

3.3. Melt circulation rate

The melt circulation rate was determined based
on the predictions of the mathematical model, by
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evaluating the mass flow rate at the cross section of
the downleg snorkel, using a predefined function of
Ansys-CFX.

a) b)

Upleg snorkel
Upleg snorkel

Fig. 3. Water volume fraction at the symmetry plane of the upleg
snorkel predicted by the mathematical model

a) Gas flow rate: 100 STP 1/min

b) Gas flow rate: 500 STP 1/min

a) b)

‘Water volume fraction

Fig. 4. Water volume fraction at the cross section of the upleg
snorkel 0.05 m above the gas injection nozzles, predicted by the
mathematical model

a) Gas flow rate: 100 STP 1/min

b) Gas flow rate: 500 STP 1/min

a) 100 STP Vmin b) 250 STP Vinin ¢) 500 STP I/min
Figure 5- Images of the plume in the cross section of the upleg snorkel captured in the
physical model

Fig. 5. Images of the plume in the cross section of the upleg
snorkel captured in the physical model
a) 100 STP 1/min, b) 250 STP 1/min, ¢) 500 STP 1/min

As mentioned previously, preliminary simula-
tions were performed considering different sizes for
the bubbles formed at the gas injection nozzles. For
bubbles with diameters ranging from 2 to 5 mm, the
variations on the melt circulation rate were inferior
than 5 %. Based on these results, it was decided to
run all the simulations considering a bubble diameter
of 5 mm, which is consistent with the experimental
results reported by Szekely and Themelis (1971).

The variation of the circulation rate with the gas
flow rate is presented in figure 6. Two curves are
presented, one for the predictions of the mathemati-
cal model and the other for the results obtained in
the experiments with the physical model.

The predictions of the mathematical model pre-
sent a reasonably good agreement with the experi-
mental results. Both curves indicate a tendency of
the melt circulation to increase when the gas flow
rate increases, but the predictions of the model indi-
cate a more pronounced effect of the gas flow rate
on the circulation rate. The reason for this difference
was investigated by comparing the images of the
plume in the upleg snorkel for different gas flow
rates, as presented in figure 5. In this figure, the
darker areas correspond to the regions mainly occu-
pied by the gas. When the gas flow rate increases,
the plume tends to concentrate in the central region
of the snorkel.
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Fig. 6. Comparison between the predicted and the experimental
circulation rates
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Fig. 7. Comparison between the predicted and the experimental
circulation rates, using the model proposed by Ishii and Zuber
(Ansys, 2006)

The jets coming from the nozzles interact with
each other, forming a zone that is predominantly
occupied by the gas. Due to this, the circulation rate
tends to remain approximately constant or to show
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a slight tendency of reduction beyond a certain gas
injection flow rate. At lower gas flow rates, this
small penetration is responsible for the lower circu-
lation rates predicted by the model. For higher gas
flow rates, the strong coalescence of the jets in the
central region of the snorkel, as seen in the images
captured in the physical model, causes the stabiliza-
tion of the circulation rate. The predictions of the
mathematical model do not show a significant inter-
action of the jets. This explains the continuous in-
crease in the circulation rate even for higher gas
flow rates.

These results indicate that the current version of
the mathematical model still requires improvements
to be able to accurately reproduce the experimental
data. To verify if other combinations of drag and
non-drag forces, and models to express them, would
give better results, several simulations combining
these different forces were developed. Even the drag
model proposed by Ishii and Zuber (Ansys, 20006),
which is more suitable for flows with high volume
fractions of the dispersed phase, was tested. This
model considers the shape of the bubbles through
the evaluation of the E6tvos dimensionless number.
The results obtained when these changes were intro-
duced are shown in figure 7. A slight improvement
when compared to the results presented in figure 6
was achieved. One of the limitations of all these
models is that they require the specification of so
called universal constants. These constants are usu-
ally determined by matching the model predictions
to the experimental data and they can vary in wide
ranges depending on the system being studied. Most
of these experimental data are restricted to bubbly
flows in ducts, in conditions that are not very similar
to those found in the RH process. Other combina-
tions of models and universal constants are currently
being tested to verify if the predictions of the model
present a better agreement with the experimental
results, particularly at the high gas flow rates. The
introduction of breakup and coalescence of the bub-
bles might improve the results. This possibility will
be investigated in future works.

4. SUMMARY AND CONCLUSIONS

A mathematical model to simulate the two-phase
flow in a RH degasser has been developed and used
to analyze the effects of gas flow rate on the rate.
Different models for the drag and non-drag forces
were tested.

The circulation rates predicted by the mathe-
matical model presented reasonably good agreement
with the experimental data, but the effect of the gas
flow rate on the circulation rate was overestimated.
The mathematical model did not reproduce the ten-
dency of the circulation rate to level off at high gas
flow rates.

The models used to evaluate the drag and non-
drag forces require the specification of constants,
which are determined by matching the model predic-
tions to experimental data. The best results so far
had been obtained with the Grace drag model, with a
volume fraction correction exponent of 2, and with
the turbulent dispersion force model of Lopez de
Bertodano, with a turbulent dispersion coefficient of
0.3. The main difficulty in specifying these constants
is that the values suggested in the literature are de-
termined for flows in conditions that are not very
similar to those found in the RH process. Other
combinations of models and values for the constants
are still being evaluated to improve the predictions
of the melt circulation rate.
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PRZEWIDYWANIE PREDKOSCI CYRKULACJI
CIEKLEGO METALU W PROCESIE ODGAZOWANIA
RH POPRZEZ MATEMATYCZNE MODELOWANIE
PRZEPLYWU DWUFAZOWEGO

Streszczenie

Modelowanie turbulentnego przeptywu dwufazowego jest
zadaniem trudnym, szczegélnie w warunkach wystgpujacych
w reaktorach metalurgicznych. W procesie tym nalezy uwzgled-
ni¢ dziatanie r6znych sit, stad w literaturze zostaly zapropono-
wane rozne modele do oceny tych sit. Zaden z tych modeli nie
zostal w pelni zweryfikowany i modele te wymagaja zazwyczaj
zdefiniowania wspotczynnikow, ktorych wartosci zmieniajq sig
w zaleznosci od analizowanego systemu. W przypadku urzadze-
nia do prézniowej rafinacji stali typu RH, zmiany ci$nienia
i temperatury w obszarze rozwiazania oraz obecno$¢ swobod-
nych powierzchni sa dodatkowym utrudnieniem dla zbudowania
doktadnego modelu matematycznego. W niniejszej pracy przed-
stawiono matematyczny model dla dwufazowego przeptywu
w procesie odgazowania RH, stosujac komercyjne oprogramo-
wanie Ansys-CFX. W pierwszym przyblizeniu model zostat
opracowany dla symulacji dwufazowego przeplywu w fizycz-
nym modelu urzadzenia do prézniowej rafinacji stali typu RH,
w ktérym stal zastagpiono woda. W modelu fizycznym zmiany
ci$nienia maja znacznie mniejsze znaczenie oraz dopuszczalne
jest zatozenie warunkow izotermicznych . Rozwazono natomiast
rézne modele turbulencji i przyjgto brak sit migdzyfazowych na
granicy faz. W rozwigzaniu zastosowano sformutowanie Eulera.
Przewidywania modelu w zakresie cyrkulacji cieczy zostaly
porownane z wynikami uzyskanymi z modelu fizycznego,
w ktorym powietrze zastgpowato argon. Predkos$¢ cyrkulacji
w modelu fizycznym zostala wyznaczona przez wstrzyknigcie
roztworu chlorku potasu przez krociec wlotowy i pomiar zmian
stezenia tego zwiazku przy krociec wylotowy. Obraz przeptywu
uzyskany z fizycznego modelu oraz w komorze prozniowej
zostaly wykorzystane do weryfikacji modelu matematycznego.
Przewidywane predkosei cyrkulacji dla réoznych wersji modelu
matematycznego byly zgodne z danymi doswiadczalnymi, ale
zaden z modeli nie potrafit odtworzy¢ doktadnie zmian predko-
sci cyrkulacji powodowanych przez zmiany predkosci przeptyw
gazu. Uzyskane wyniki wykazuja, ze dalsze korekty sa potrzeb-
ne aby poprawic jako$¢ przewidywan modelu matematycznego.
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