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A mathematical model has been developed to explain the effect of the number of nozzles on
recirculation flow rate in the RH process. Experimental data from water modeling were
employed to validate the mathematical model. The experimental data included the velocity fields
measured with a particle image velocimetry technique and mixing time. The multiphase model
volume of fluid was employed to allow a more realistic representation of the free surface in the
vacuum chamber while injected argon bubbles were treated as discrete phase particles and
modeled using the discrete phase model. Interfacial forces between bubbles and liquid phase
were considered, including the lift force. The simulations carried out with the mathematical
model involved changes in the gas flow rate from 12 to 36 L/min and a number of nozzles from 4
to 8. The results indicated a logarithmic increment in the recirculation rate as the gas flow rate
increased and also corresponded with an exponential decrease in mixing time. The plume area
and liquid velocities resulting from individual nozzles were computed. A maximum optimum
recirculation rate was defined based on a mechanism proposed to explain the effect of gas flow
rate and the number of nozzles on the recirculation rate.
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I. INTRODUCTION

AS a metallurgical reactor, the Ruhrstahl-Heraeus
(RH) degasser consists of a ladle, a vacuum chamber, an
up-leg snorkel, and a down-leg snorkel. Several nozzles
are distributed along the circumference of the up-leg
snorkel. During RH refining, the temperature is approx-
imately 1823 K (1550 �C) and the phases of molten steel,
molten slag, and argon gas are involved. The molten
steel from the up-leg snorkel rises to a certain height due
to the pressure difference between the vacuum chamber
and the atmosphere. The argon gas from the nozzles is
injected into the up-leg snorkel and expands when
heated. Hence, the density of the mixture decreases and
the molten steel is driven to flow into the vacuum
chamber along the up-leg snorkel. At the same time,
part of the molten steel from the down-leg snorkel flows
towards the ladle. In actual operations, RH steel refining
is widely used for decarburization, deoxidization, desul-
furization, temperature control, inclusion removal, and
homogenization of chemical composition.

With the limitations of high temperature, multiphase
system, and vacuum conditions, the metallurgical pro-
cesses in the RH degasser are hardly observed and tested.
In general, the numerical simulation and water modeling
are used to study and visualize this fundamental phe-
nomenon in the RH degasser.[1–4] In numerical simula-
tion, a series of multiphase flow models like the VOF
model, theMixturemodel, the Eulerianmodel, etc. can be
solved to predict the velocity distribution of the molten
steel, the volume fraction of the gas, and the interfacial
behavior among different phases. Furthermore, water
and air are the phases employed to simulate molten steel
and argon in water modeling. The models can be either at
a reduced scale or at full scale. The dynamic similarity
must first be satisfied in a reduced scale model.[5,6] It
requires that the modified Froude number in the model
should be equivalent to that in the prototype.
The flow of molten steel has a direct effect on the

refining efficiency of the RH degasser. The key param-
eters include the recirculation rate and mixing time that
are regarded as the dominant factors influencing the
decarburization rate. Due to the increasing demand for
ultra-low carbon steels, it is very important to improve
our current understanding on fluid flow and mixing
phenomena in the RH process.
The recirculation rate andmixing time depend onmany

variables, such as gas flow rate, vacuum pressure, height
of liquid steel in the vacuum chamber, snorkel immersion
depth, snorkel diameter, the number of nozzles, its
diameter, and its the injection angle. The recirculation
rate increases with a higher gas flow rate,[1–3,7–10] lower
vacuum pressure,[1] larger immersion depth,[1,7,11] and
larger snorkel diameter.[1,11,12] Han et al.[13] reported a
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maximum recirculation flow rate for an injection angle of
12 deg. Nascimento et al.[14] reported an increase in
recirculation rate as the nozzle diameter increased, a
result contrary to more recent reports.[15,16]

The effect of the number of nozzles on the recircula-
tion rate in the RH process has been investigated in the
past[1,9,14,17–20] and is summarized in Table I. In previ-
ous investigations, it has been found that increasing the
number of nozzles, the recirculation rate increases. In
general, it has been reported that above an optimum
number of nozzles the recirculation rate remains con-
stant or even decreases. The optimum number of nozzles
was different in previous reports, suggesting the impor-
tance of additional work in this field.

Computational fluid dynamics (CFD) tools have been
employed in the past to describe mixing phenomena in
metallurgical ladles under multiphase flow condi-
tions.[3,7,8,21–24] The motion of the continuous phase
and dispersed phase is treated with different numerical
methods. The volume of fraction (VOF) method is
frequently used to describe the motion of the continuous
phase and the coupling between the continuous and
dispersed phase.[21–23,25,26] The discrete particle method
(DPM) can be used to describe the motion of the
discrete phase.[3,7,8,24,27–36] In most of this previous
work, the free surface is assumed to be flat. By this
assumption, the fluctuation of the interface, slag-eye
formation, and slag entrainment can hardly be tracked.

The objective of this work is to investigate the effect of
the number of nozzles on both recirculation rate and
mixing time and provide additional information to
understand the behavior of fluid flow and mixing
phenomena as a function of the number of nozzles. A
mathematical model combining VOF and DPM has
been developed to carry out this objective, validated
with experimental data obtained from measurements
with PIV in a water model. The numerical model can
describe fluctuations of the free surface.

II. MATHEMATICAL MODEL

In this study, the VOF model[26] and DPM[36] were
employed to simulate fluid flow and the motion of the
bubbles. The VOF model follows the Euler–Euler
approach and tracks the free surface of the fluid, and the
DPM model follows the Euler–Lagrange approach. Air
bubbles were treated as the discrete phase in water and the
top gas phase. The top gas phase was treated as a second
continuous phase. The basic equations are as follows.

A. VOF Model

The tracking of the interface between the air phase in
the vacuum chamber and the liquid phase is accom-
plished by the solution of a continuity equation for the
volume fraction of each phase. For the gas phase, this
equation has the following form

1

qg

@

@t
agqg
� �

þr � agqg~vg
� �� �

¼ 0 ½1�

where ag is the volume fraction of gas, qg is the density
of gas, ~vg is the gas velocity.
The volume fraction of the primary phase is solved

under the following constraint.

Xn

q¼1

aq ¼ 1 ½2�

A single momentum equation is solved throughout
the domain and the resulting velocity field is shared
among the phases. It is dependent on the volume
fractions of all phases through the properties q and l.
The momentum equation is expressed by

@

@t
q~uið Þ þ r � q~ui~uj

� �
¼ �rPþr l r~ui þr~uTi

� �� �
þ q~g

½3�
The density and viscosity in each cell is given by

q ¼ agqg þ alql ½4�

l ¼ aglg þ alll; ½5�

where al is the volume fraction of the primary phase,
ui and uj are the velocity of the mixture phase in the x,
y, and z directions, ql is the density of the primary
phase, lg is the gas viscosity, ll is the viscosity of the
primary phase. The standard j–e model developed by
Launder and Spalding[37] is used to simulate the turbu-
lence parameters.

B. Discrete Particle Model (DPM)

Gas bubbles enter the liquid from the nozzles in the
up-leg snorkel. The forces acting on gas bubbles include
the inter-phase forces between the liquid and gas
bubbles, the gravity force, and the buoyancy force.
The inter-phase forces consist of the drag force, the

Table I. Summary of Previous Research on RH Including the Effect of the Number of Nozzles

Results N d0 (mm)

Inoue et al.[17] experimental (1:8) 1, 8, 16 2
Hanna et al.[18] experimental (1:5) 4, 6, 8, 10, 16 3
Kamata et al.[9] experimental 1, 4, 8 1
Park et al.[1] exp (1:10) and num 6 to 24 (ten) 4
Nascimento et al.[14] experimental (1:5) 5, 10, 20 1.0, 1.5, 2.2, 2.8
Jiang et al.[19] experimental 1, 4, 7 1, 3, 5
Zhu et al.[20] exp (1:5) and num 6, 7, 8, 9, 10 1
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virtual mass force, the pressure gradient force, and the
lift force. Aoki et al.[32] studied the motion of gas
bubbles and the removal of inclusions in a 133 ton
steel-refining ladle in detail, considering the above
interaction forces.

The following force balance equation represents the
motion of gas bubbles.

d~ub;i
dt

¼ ~FD;i þ ~FG;i þ ~FB;i þ ~FVM;i þ ~FL;i þ ~FP;i; ½6�

where ub,i is the velocity of gas bubbles, FD,i is the
drag force, FG,i is the gravity force, FB,i is the buoy-
ancy force, FVM,i is the virtual mass force, FL,i is the
lift force, and FP,i is the pressure gradient force,
respectively.

1. Drag force, FD,i

The drag force that the liquid imparts on gas bubbles
depends on the Reynolds number of gas bubbles, the
viscosity of the liquid, bubble size, bubble density, and
the relative velocity between the liquid and the gas by
following equation.

~FD;i ¼
3llCDReb

4qb;id
2
b;i

~ul �~ub;i
� �

; ½7�

where ll is the viscosity of the liquid, qb,i is the density
of gas bubbles, db,i is the diameter of gas bubbles, Reb
is the Reynolds number of gas bubbles, and CD is the
drag coefficient. In this study, gas bubbles are assumed
to be spherical and the drag coefficient is expressed by
the following equation.

CD ¼ a1 þ
a2
Reb

þ a3

Re2b
; ½8�

where a1, a2, and a3 are constants that apply over sev-
eral ranges of Reb given by Morsi and Alexander.[38]

The Reynolds number of gas bubbles is computed as
follows:

Reb ¼
qldb;i ~ul �~ub;i

�� ��

ll
; ½9�

where ql is the density of the water and db,i is the
diameter of gas bubbles.

The diameter of gas bubbles is calculated from the
following equation and it is assumed to be constant.[39]

db ¼ 0:35
Q2

g

	 
0:2

½10�

In water modeling, the gas flow rate is much less than
that of the real RH degasser according to the dynamic
similarity. It can be found that the bubble size is much
smaller than that in the latter. The bubble size in
accordance with Eq. [10] is ranged from 3.20 to 6.55 mm
when the gas flow rate is 12 to 36 L/min. However,
Zhang[40] found that the average size of bubbles was 10
to 19 mm in industrial practice when nozzles, tuyeres, or
porous plugs were used to introduce gas into the
metallurgical vessels at gas flow rates of (40 to
200) 9 10�6 m3 s�1.

2. Gravity and buoyancy force
The combined effect of the gravity and the buoyancy

forces on the motion of gas bubbles in the liquid is given
by the following expression:

~FG;i þ ~FB;i ¼
qb;i � ql
� �

qb;i
g �~ei; ½11�

where ~ei is unit vector.

3. Virtual mass force FVM,i

When gas bubbles accelerate relative to the fluid, the
velocity of the surrounding fluid will increase. The
additional force is called the virtual mass force and is
represented by the following equation.

~FVM;i ¼ CVM
ql
qb;i

d

dt
~ul �~ub;i
� �

; ½12�

where CVM is the virtual mass coefficient and it is set
to 0.5.

4. Lift force, FL,i

The interfacial lift force takes into consideration that
the pressure at one side of the gas bubble is different
from another side when there is a velocity gradient in the
fluid. Méndez and Nigro[41] reported that the effects
produced by the lift force could not be neglected in a
metallurgical gas stirred ladle. It can exist in the
horizontal and vertical directions. So that the gas
bubble rotates and moves toward the direction of
velocity gradient. The lift force is defined by the
following equation:

~FL;i ¼ CL
ql
qb;i

~ul �~ub;i
� �

�r�~ul; ½13�

where CL is the lift coefficients.
Drew and Passman[42] found that CL was 0.5 for an

inviscid flow around a sphere and 0.01 for a viscous
flow. Pourtousi and Sahu[43] suggested that the lift force
improved the accuracy in prediction of the axial liquid
velocity, turbulent kinetic energy, and radial gas
hold-up, and the lift coefficient CL for bubbly flow
regime with small spherical bubbles was in the range of
0.1 to 0.5. Zhang[24] clearly described a better agreement
with experimental data when the inter-phase lift force
was not ignored. The lift coefficient CL in the current
study is defined as 0.1.
When gas bubbles flow upwards in the up-leg snorkel,

there is a plume zone occupied by gas bubbles and liquid.
The volume fraction of both phases are calculated by

ab ¼ 1

DVcell

XNb;cell

i

Qs
b;iDt

qb;i
½14�

al þ ab ¼ 1; ½15�

where ab is the volume fraction of gas bubbles, al is
the volume fraction of molten steel, DVcell is the com-
putational cell volume, Nb,cell is the number of bubbles
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in the computational cell, Qs
b;i is the flow rate of the

injected bubble stream, Dt is the time step of bubble
trajectory calculation.

The recirculation process of the liquid in the RH
degasser is motivated by the density decrease in the up-leg
snorkel. Hence, it is necessary to consider the volume
fraction of the liquid when calculating the fluid flow of the
liquid. The governing equations for the liquid can be
derived based on the Navier–Stokes equations for sin-
gle-phase flows. They are represented as:

@

@t
alqlð Þ þ r � alql~ulð Þ ¼ 0 ½16�

@

@t
alql~ulð Þ þ~ul � r alql~ulð Þ ¼ � rPþr � al ll þ ltð Þ½ �r~ul

þ ~Fb; ½17�

where Fb is the source term for momentum exchange
with bubbles and is defined by

~Fb ¼�
XNb;cell

i

3llCD;iRei
4qb;id

2
b;i

~ul �~ub;i
� �

þCVM
ql
qb;i

d
dt

~ul �~ub;i
� �

þ

CL
ql
qb;i

~ul �~ub;i
� �

�r�~ul þ ql
qb;i

~ul � r~ul

2

4

3

5

alQ
s
b;iDt ½18�

The relevant parameters of Eq. [18] have been
described above.

The standard j–e model is modified to model the
turbulence due to the inter-phase exchange forces acting
on the liquid phase. The corresponding equations are as
follows.

alql
@j
@t

þ~ui �rj

	 

¼r� al

lt
rj

	 

rj

� �
þ alGj� alqleþSj

½19�

alql
@e
@t

þ~ui �re

	 

¼r � al

lt
re

	 

re

� �
þ alC1e

e
j
Gj

� alC2eql
e2

j
þSe;

½20�

where the model constants are C1e = 1.44,
C2e = 1.92, rj = 1.0, and re = 1.3.[37] Sj and Se are
the source terms for turbulent energy and its dissipa-
tion rate is caused by the motion of gas bubbles,
respectively. They can be expressed as:[32]

Sj ¼
Csk

DVcell

XNb;cell

i

3alllCD;iRei

4d2b;iqb;i
~ul�~ub;i
�� ��2Q2

b;iDt ½21�

Se ¼C1e
e
j
Sj ½22�

Aoki et al.[32] found that the value of Csk was 0.12 and
the calculated flow field showed a good agreement with
the experimental data by Xie and Oeters.[44]

Mixing time is a very important parameter during RH
refining. A small cell volume is patched to be defined as
the tracer at the top surface of the molten steel in the
vacuum chamber once the flow field reached steady
state. At the same time, variation of the tracer concen-
tration is monitored at fifty points in the ladle. The time
when the tracer concentration reaches ±5 pct of final
value (C¥) is defined as the mixing time. Tracer
transport equation is as follows.

@ qlCð Þ
@t

þr � ql~ulCð Þ ¼ r � leff
Sc

@C

@xi

	 
� �
; ½23�

where C is the tracer concentration, leff is the effective
viscosity, and Sc is the turbulent Schmidt number.

C. Boundary and Initial Conditions

The inlet velocity is calculated according to the total
gas flow rate at the nozzle. Atmospheric pressure is
assumed on the free surface of the ladle. The free
surface is allowed to move, considering a manometric
pressure in the vacuum chamber of �4802 Pa. It
corresponds with a vacuum degree of 133 Pa in actual
operations satisfying the dynamic similarity. Hence,
the pressure in the vacuum chamber is 96,523 Pa.
Non-slip conditions are chosen at the walls. The
volume fraction of the air is unit at the top portion
of the ladle and the vacuum chamber. Due to the same
physical properties, gas bubbles move at their inherent
velocity when entering the top gas phase and they are
allowed to escape from the top surface of the vacuum
chamber. The standard wall function is used to model
the turbulence characteristics in the near-wall region.
The system is assumed to be isothermally at 298 K
(25 �C).

D. Computational Procedure

The system of equations was solved by combining
the authors’ user-defined subroutines with a commer-
cial CFD software (Fluent version 14.0). The
flowchart of the mathematical models is given in
Figure 1. The optimum number of mesh cells was
approximately 300,000. The convergence criterion for
all variables was set to 10�4. The PISO scheme was
used for the pressure-velocity coupling. The time step
was 0.001 seconds. All computations were performed
on a Windows 7 PC with Intel 3.4GHz CPU and 8GB
RAM. It took approximately 14 to 18 seconds to
reach steady state. When the simulation reached
steady state, the mixing time was calculated based
on the velocity field. The parameters of the liquid and
gas phases in the numerical simulations are listed in
Table II.

III. MODEL VALIDATION

A water model with a geometric scale 1:5 from an
industrial size RH unit of 210 tons was built. The
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dimensions of the model and prototype are given in
Tables III and IV. Pressure in the vacuum chamber was
fixed at 96,523 Pa, controlled by the vacuum pump. The gas
flow rate in the water model was defined using the similarity
criteria based on the Modified Froude number. The
immersion depth was ranged from 30 to 40 mm. Measure-
ments on mixing time and velocity fields were carried out in
order to validate the mathematical model. Mixing time was
measured injecting a tracer and measuring their concentra-
tion as a function of time at the position, as indicated in
Figure 2. A volume of 200 ml of KCl-saturated solution
was poured into the vacuum chamber. The concentration
signal was detected using an electric conductivity meter. Air
was employed as lift gas. The average of five measurements
was taken as the mixing time.

The velocity fields were measured using a particle
image velocimetry (PIV) equipment. The equipment was
manufactured by TSI with a laser voltage of 770 V. A
2-D image signal acquisition model is used to analyze
and display the data .The experimental set-up includes a
high-resolution CCD camera with a frame rate of 2.07
fps, PowerViewTMPlus11MP, 4 K 9 2.7 K pixels reso-
lution. The added tracer for PIV measurement consisted
of hollow glass spheres with a density of 0.99 g/cm3 and
a particle size of 10 lm in diameter. The number of
particles was 4 to 6 per grid in the view field.
Figure 3 indicates the model results on the tracer

concentration signal as a function of time and the
measured value, corresponding to conditions employing
four nozzles and a gas flow rate of 20 L/min. The

Fig. 1—Flow chart of mathematical models.

Table II. Property Parameters of Water and Air

Phase Parameter Value

Water density (kg/m3) 998.2
viscosity (Pa s) 0.001003

Air density (kg/m3) 1.225
viscosity (Pa s) 1.7894 9 10�5

Surface tension (N/m) 0.07197

Table III. Dimensions (Diameter and Height) of Prototype and Water Model

Ladle Vacuum Chamber Snorkel

Dtop (mm) Dbottom (mm) H (mm) D (mm) H (mm) D (mm) H (mm)

Prototype 3959 3324 4060 2144 8225 650
Water model 792 665 812 481 822 130 345

Table IV. Dimensions (Diameter and Height) of Prototype
and Water Model

Prototype Water Model

Number of nozzles 12 4, 6, 8
Gas flow rate (L/min) 1600 to 4800 12, 16, 20, 24, 28, 32, 36
Nozzle diameter (mm) 6 4

Fig. 2—Schematic of experimental RH water model.
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predicted mixing time was 41.87 seconds and the
measured value was 40.33 seconds. The agreement is
quite satisfactory and within the margins of the standard
deviation of the experimental measurements.

The velocity fields predicted by the model in two
directions as shown in Figure 4 with those measured by
PIV are compared in Figures 5 and 6. The liquid coming
out from the down-leg snorkel firstly impinges on the
bottom of the ladle, flows along the bottom, and then
flows upwards along the right wall. Besides, the main
flow of the liquid directly flows into the up-leg snorkel
and part of the liquid turns left so that a recirculation
eddy exists below the up-leg. The calculated flow pattern
is consistent with the measured results. Figure 4(a)
indicates velocity fields in the range from 0.01 to 0.23 m/
s in the entire computational domain. Figure 5 corre-
sponds to the velocity fields in the direction of the flow
leaving the down-leg snorkel and Figure 6 corresponds
to the velocity fields in a radial direction, at a height of
500 mm. These results also correspond to conditions
with four nozzles and a gas flow rate of 20 L/min. It can
be observed that the liquid from the down-leg snorkel is
discharged at a velocity of 0.23 m/s and there is good
agreement between model and measured values. As the
liquid moves to the ladle’s bottom, the model predicts a
uniform descent in velocity. In the final section, 100 mm
from the bottom, the model and measured values give a

good agreement. In this region, the velocity drops
rapidly from 0.15 to 0.01 m/s. The main discrepancies
between the model and the measured results are in the
middle section, where the measured values drop at a
faster rate, however, taking into account the overall
behavior, it can be observed that the model and the
measured values offer a satisfactory agreement. The
comparison in velocities in the radial direction shown in
Figure 6 indicates two peaks in velocities. The largest
peak corresponds to the velocity of the liquid from the
down-leg snorkel and the second peak to the liquid
ascending to the up-leg snorkel. The velocity on the
up-leg snorkel represents about 25 pct of the maximum
velocity in the down-leg snorkel. The comparison
between predicted and measured values in the radial
direction agrees quite well, therefore, based on the
previous results it is concluded that the current math-
ematical model provides accurate predictions of the
velocity fields and mixing time.
Figure 7 shows the iso-surface when the velocity of the

liquid is 0.1 m/s and the motion of the gas bubbles. The
formation of liquid droplets at the free surface is
observed. If the upper phase would be the slag phase,
the droplet formation mechanism could be associated
with slag entrainment. This result shows an improvement

Fig. 3—Mixing time based on dimensionless concentration versus
time response.

Fig. 4—Velocity fields in the ladle using four nozzles and a gas flow rate of 20 L/min (a) predicted; (b) measured.

Fig. 5—Comparison in velocity distribution along the down-leg be-
tween model predictions and measured values, using four nozzles
and a gas flow rate of 20 L/min.
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over previous models. A numerical model to reproduce
multiphase flow and fluctuations on the free surface was
recently published by Liu et al.[25] in 2011. This model
however shows some inconsistencies in the velocity fields
because even if the gas flow rate increases, the velocity
fields in the recirculation zone changes too little. This is
probably due to having ignored the lift force in their
modeling work.

IV. EFFECT OF THE NUMBER OF NOZZLES
INJECTING GAS

A. Gas Volume Fraction

The gas volume fraction of the injected gas in the
snorkel is an important parameter to understand fluid
flow in the RH process, in particular to clarify the effect
of the number of nozzles on recirculation rate. The
nozzle configurations employed in this work are illus-
trated in Figure 8. In the case of four nozzles their
separation angle is 90 deg, for six nozzles is 60 deg, and
for eight nozzles is 45 deg. In order to describe the
evolution of the gas volume fraction as a function of its
traveling distance along the snorkel, cross-sectional
planes over a distance of 150 mm are employed, as
shown in Figure 9. Figure 10 shows the results in those
planes, for the case of four nozzles and a gas flow rate of
20 L/min. This case represents in this work low mixing
conditions and explains why the gas columns never mix
as the gas bubbles ascend from the nozzle up to a
distance of 150 mm. In this distance the gas columns
expand but remain as individual gas plumes.
Figure 11 describes the gas volume and velocity fields

in the up-leg snorkel for the case of four nozzles and two
gas flow rates. It can be observed that at low gas flow
rates (12 L/min) the plumes remain individual up to the
free surface in the vacuum chamber, on the contrary,
when the gas flow rate is high (36 L/min) the plumes
expand and collide forming a single gas column. Geng
et al.[8] reported similar results for an industrial RH
system when the lifting gas flow rate was low. When the
number of nozzles increases from 4 to 6 and from 6 to 8,
as shown in Figure 12, for a height of 775 mm, the
general response is similar. Figure 13 summarizes the
gas volume fraction as a function of the number of

Fig. 6—Comparison in the velocity distribution along radial direc-
tion at a height of 500 mm, between model predictions and mea-
sured values, using four nozzles and a gas flow rate of 20 L/min.

Fig. 7—Three-dimensional isometric contour of 0.1 m/s of the veloc-
ity magnitude and motion of gas bubbles, for the case of four noz-
zles and a gas flow rate of 20 L/min.

Fig. 8—Details of three different nozzle arrangements with four, six, and eight nozzles.
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nozzles. The main difference when the number of
nozzles increases from 4 to 6 and 6 to 8 is in the gas
penetration depth. There is a smaller gas penetration
depth as the number of nozzles increases. At this height
the maximum gas volume fraction is reported at a depth

of approximately 30 mm for the case of four nozzles but
this value decreases to 17 mm when the number of
nozzles is increased to 8. At higher gas flow rates the gas
penetration depth increases and more bubbles reach the
center of the snorkel.

Fig. 9—(a) Snorkel geometry, (b) position of reference planes employed to analyze the gas volume fraction.

Fig. 10—Comparison of the gas volume fraction as a function of snorkel height, for the case of four nozzles and a gas flow rate of 20 L/min.
(a) 685, (b) 715, (c) 745, (d) 775, (e) 805, (f) 835 mm.
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Fig. 11—Gas volume distribution and velocity fields in the up-leg snorkel for the case of four nozzles and two gas flow rates. (a)12 L/min, (b) 36
L/min.

Fig. 12—Comparison of the gas volume fraction as a function of nozzle number for a gas flow rate of 20 L/min, at a height of 775 mm. (a)
Four, (b) six, (c) eight nozzles.
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It is clear from the previous results that the lifting gas
volume in the up-leg snorkel is directly related with the
velocity fields. The velocity increases as the gas volume
also increases and then the recirculation rate increases.

B. Recirculation Rate and Mixing Time

The recirculation rate (in kg/s) was computed using
the following equation:

R = �u � Ao � qw; ½24�

where �u is the average velocity in the snorkel
Pn

i¼1

Aiui=A0

	 

in m/s, ui is the velocity in each cell and

Ai is its corresponding area, A0 is the cross-sectional
area in m2 of the snorkel and qw is the density of
water in kg/m3. The velocities correspond to a height
of 600 mm, close to the exit of the down-leg snorkel.
The velocities are similar in both heights.

Figure 14 shows the recirculation rate as a function of
gas flow rate for three nozzle configurations. It can be
observed that an increase in the lifting gas flow rate
increases the recirculation rate, however it tends to
achieve a maximum recirculation rate at about 36
L/min. This result is in line with previous investiga-
tions.[1,7–10] In regard with the effect of the number of
nozzles, the current work has found an optimum value
of six nozzles. If the number of nozzles increases to 8,
the recirculation rate no longer increases but decreases.
The fact that a different optimum number of nozzles has
been reported in the past is an indication that the main
reason is not the number itself but the combination of
different variables that together produce the maximum
velocity of the liquid in the up-leg snorkel. In order to
provide additional elements to describe the observed
behavior, the mixing time and the area of the plume in
the up-leg snorkel were calculated with the model.
Figure 15 shows that in general the area of the plume
increases in proportion to the recirculation rate. These
results are in agreement with the experimental data
reported by Nascimento et al.[14] With the area of the

plume increasing, the interaction between the gas bubble
and the liquid is enhanced. Thus the velocity of the
liquid and the recirculation rate increase, as suggested
by the study of Park et al.[1] In the case of four nozzles it
is also observed a decrease in the area as gas flow rate
increases. This phenomena occurs when the plumes
coalesce into a single one. The total area of the
individual plumes is higher in comparison with only
one plume.
The plume area in the up-leg snorkel calculated in this

work involves regions with a volume fraction of gas
larger than 2 pct. Figure 16 shows a direct relationship
between the plume area (A, in pct) and recirculation rate
(R in L/min), as follows:

R¼ 1:26Aþ 66 ½25�
Figure 17 reports the effect of gas flow rate and

number of nozzles on mixing time. In line with the
previous results on recirculation rate, an increase in gas
flow rate decreases mixing time. The results are consis-
tent by showing that the optimum number of nozzles in
this work is 6. To improve the refining efficiency of the
RH degasser, six nozzles should be adopted in the actual
RH degasser. Meanwhile, the appropriate gas flow rate
was in the range from 1600 to 4800 L/min in the actual
RH degasser according to the modified Froude number,
corresponding to the gas flow rate of 12 to 36 L/min in
water modeling.
In summary, based on the results above, it is possible

to provide an explanation on the mechanism that defines
an optimum gas flow rate and number of nozzles to
reach a large value in recirculation energy. As the gas
flow rate increases or the number of nozzles increases,
the gas volume fraction in the up-leg snorkel also
increases. Figure 18 indicates an increase in gas volume
fraction from 3 to 7 pct when the lift gas flow rate
increases from 12 to 36 L/min. With a higher gas volume
fraction there are more bubbles and the velocity of the
liquid increases. However, as the gas flow rate or the
number of nozzles increases there is critical value at
which individual plumes coalescence into one large

Fig. 13—Comparison of gas volume in the radial direction as a
function of the number of nozzles, for a gas flow rate of 20 L/min,
at a height of 775 mm.

Fig. 14—Effect of gas flow rate and number of nozzles on the recir-
culation rate.
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plume. This is observed when the area of the plume
abruptly decreases. At this point the rate of increase in
velocities is less than 5 pct, as shown by the values
reported in Table V. It means that the recirculation rate
could still be increased but the rate of change becomes
negligible.

V. CONCLUSIONS

Mathematical models of VOF+DPM were devel-
oped to investigate the effect of the number of nozzles
on the recirculation rate and mixing time in the RH
process. Based on the results and discussion, the
following conclusions have been reached:

1. The current mathematical model has been validated
with experimental data from a water model. It is an
improved model because it also includes multiphase
flow accounting for the fluctuation in the free surface
in the vacuum chamber.

Fig. 18—Effect of gas flow rate and number of nozzles on gas vol-
ume (gas volume: the average gas volume fraction at a height of 835
mm).

Table V. Average Velocity in the Down-leg Snorkel as a
Function of Q and N (Units: m/s)

N/Q
12

L/min
16

L/min
20

L/min
24

L/min
28

L/min
32

L/min
36

L/min

4 0.168 0.189 0.204 0.214 0.222 0.228 0.235
6 0.172 0.195 0.213 0.229 0.239 0.250 0.257
8 0.170 0.193 0.211 0.226 0.237 0.247 0.254

Fig. 17—Effect of gas flow rate and number of nozzles on mixing
time.

Fig. 15—Effect of gas flow rate on the plume area.

Fig. 16—Relationship between the recirculation rate and the plume
area.
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2. As the number of nozzles increases a value is reached
to achieve an optimum maximum recirculation flow
rate and minimum mixing time. In the current work
the optimum number of nozzles was six.

3. The mechanism that controls the optimum maximum
recirculation rate by the lift gas flow rate and the
number of nozzles is the formation of one single
plume. In practice, this point can be defined by
measuring the plume area. The critical gas flow rate
or the maximum number of nozzles will give the
maximum area of the plume. This point also corre-
sponds with a deceleration in the rate of increase in
recirculation rate, equivalent to less than 5 pct
increment in the velocity fields.
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