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Abstract: Based on the two-phase model (Eulerian-Eulerian model), the three dimensional fluid flow in water and that liquid steel sys-
tems stirred by one or two multiple gas jets are simulated. In the Eulerian-Eulerian two-phase model, the gas and the liquid phase are
considered to be two different continuous fluids interacting with each other through the finite inter-phase areas. The exchange between
the phases is represented by source terms in conversation equations. Turbulence is assumed to be a property of the liquid phase. A new
turbulence modification k-e model is introduced to consider the bubbles movement contribution to k£ and £. The dispersion of phases due
to turbulence is represented by introducing a diffusion term in mass conservation equation. The mathematical simulation agrees well with
the experiment results. The study results indicate that the distance of two nozzles has big effect on fluid flow behavior in the vessel. Using
two gas injection nozzles at the half radii of one diameter of the bottom generates a much better mixing than with one nozzle under the

condition of the same total gas flow rate.
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1 Introduction

Gas-injection continues to play an increasing im-
portant role in metallurgical processing operations such
as steelmaking, ladle metallurgy, ferroalloy production,
and nonferrous extraction and refining. The effectiven-
ess of gas injection in promoting gas-metal reactions
and/or enhancing bath stirring in these processes is lin-
ked to the degree of dispersion of gas in the bath, the
velocity of the gas in liquid phase, and the size of the
bubbles. Extensive numerical modeling of various as-
pects of air-stirred refining operations has been carried
out and reported [1-5], such as hydrodynamics, heat
and mass transfer, turbulence phenomena and mixing
phenomena, etc. However, the considerable body of
this work mainly concerned with bottom-centered one
nozzle injection case. In the industrial process, multiple
gas jets have been used in some systems to improve the
stirring condition, chemical reaction in bath or improve
inclusion removal from bath [ 6]. Until now, only few
-papers on the case of multiple gas jets can be found [7,
8). Miao-Yong Zhu er al. [7] mathematically studied
the effect of gas injection mode on the fluid flow and
the bath mixing for a water model of ladle systems, but
did not make experiment to verify the mathematical
simulation. Recently, K. Sasaki et o/, [ 8] experimental-
ly studied the gas hold-up distribution and the velocity
distribution of gas phase and water phase in the cylin-
drical vessels stirred by one or two air jets, but no

mathematical simulation. Therefore, it is useful to de-
velop a model to predict the fluid flow of the gas-liquid
system stirred by one or two gas jets, and make a com-
parison with the experiment results.

In this paper, based on a two-phase (Eulerian-Euler-
ian) model, the three dimensional fluid flow in the wat-
er systems stirred by one or two multiple gas jets is
simulated. The effect of distance between the two in-
jection nozzles on the fluid flow is discussed.

The objected system is the same as that of the experi-
ment of K. Sasaki et al. [8](figure 1), here only a brief
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Figure 1 Schematic of the objected vessel.
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outline is given. A glass vessel with a diameter of 300
mm and 350 mm height filled with water. Air gas is in-
jected into water by one or two nozzles with a diameter
of 2 mm. As for two nozzles, the gas flow rate of every
one is 40x107°m?/s, the location of the two nozzles is
showed in figure 1, L,,=20 mm; as for only one nozzle,
the outlet of this nozzle is located in the center of the
bottom, the gas flow rate is 80x10~°m?/s. The coordi-
nate configuration is showed in figure 1. The physical
parameters of water and gas are as follows [9]: puue=
1000 kg/m?, p,,=1.29kg/m’, fhuue=0.001Pa"s, Ouuer=
0.073 N/m.

2 Mathematical Formulation

In the Eulerian-Eulerian two-phase model, the gas
and the liquid phase are considered to be two different
continuous fields, which are separated by sharp (but
flexible) boundaries. They are immiscible, interpenet-
rating and interacting with each other through the finite
inter-phase areas. Mass conservation, momentum
equations are derived for each phase considering the
time averaged variables. The exchange between the
phases is represented by the source terms in conversa-
tion equations. The phases are assumed to share space
in proportion to their volume fractions so as to satisfy
the total continuity relation, so

a1+a2=l (1)

Turbulence is assumed to be a property of the liquid
phase, the pressure of gas phase is assumed to be the
same that of liquid phase, i.e., only one pressure is to be
solved. Introducing a diffusion term into mass conser-
vation equation represents the dispersion of the phases
due to turbulence.

In the present study gas bubbles are rigid, spherical
and with a uniform throughout size. Bubble coal-
escence and breakup are not taken into account, i.e.,
bubble-bubble interactions are assumed to be negli-
gible.

Thermal interaction is ignored, the entire system be-
ing assumed isothermal, and flow is essentially Newto-
nian, incompressible and steady.

2.1 Governing equations

Within the framework of the above assumption, the
governing equations may be put in the following forms.
(1) Continuity equation for phase m.

V-(e.p.U,—DVa,)=0 ¥))

The second term represents the phase diffusion term
accounts for the turbulent dispersion of the bubbles due
to turbulence in the continuous phase. D is effective
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phase diffusion (dispersion) coefficient to represent the
random motion associated with the phases which is ex-
pressed as

.y
D=-+5- 3)

where y, is the turbulent viscosity; Pr is the dispersion

Prandtl number, in the present paper, the value of Pr
takes 1 [1].

(2) Conservation of momentum for velocity of every
phases.

V (.U, U,

Convection

- o, ,.VU,)=S,+S. “4)
Diffusion Source

Where, I, is an exchange coefficient representing the
effects of turbulent and/or laminar diffusion within the
phases. The appropriate forms of these terms are given
in table 1. k-¢ two-equation model is applied to simu-

Table 1 Exchange cofficient and source terms

On r, Sn S,

U, Hew —al—gg +apg F,

U, s —a;%é +apag —F,
k ulo, ap(G—¢) 0
e ulo, apr 2(C.G-Coe) 0

late turbulence. So, in table 1, the effective viscosity is
P =+ 1y )

where G is the volumetric rate of generation of k which
can be expressed as:

Gi= ,um—aag[aU’ —a—L] (6)

2.2 Some parameters
(1)Turbulence model.

Turbulence is assumed to be a property of the first
phase, modeled transport equations for the turbulent
kinetic energy k and its dissipation rate ¢ are solved
only for this phase. The k—¢ two-equation model, by far
the most widely used two-equation eddy-viscosity tur-
bulence model, is applied in the present study but mod-
ify this model in order to consider the bubbles move-
ment contribution to the k£ and &. There have been a
number of proposals for exerting turbulence model to
account for the additional production of turbulence due
to the presence of bubbles. At present, the mainly used
method is to insert volumetric source terms, which are
associated with the migration of gas bubbles through
the liquid are added into the standard & and e equations
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(1, 4]

In the present paper, another method, titled by "Aug-
mentation of turbulent viscosity", is adopted, which is
derived from Lopez de Bertodano ef al. [10]. They
modeled the bubbly two-phase flow turbulence in
single liquid phase, the assumption is that the shear-in-
duced turbulence and the bubble-induced turbulence
are weakly coupled, therefore can be superposed line-
arly. This approximation is expected to most valid for
dilute bubbly flows. Thus, the Reynolds stress tensor
for the continuous phase may be written as:

T=0+1 U

where 7, is the shear-induced turbulence; 7, the bubble-
induced turbulence.

From t,, the shear-induced turbulence viscosity u, is
represented by equation (8), which namely the standard
model.

wa=Cpkile ®)

And they also got the bubble-induced turbulence vis-
cosity u, from 7, by theoretical analysis as follows:
He™= CJdBaZUslip (9)

where U, is the absolute value of the slip velocity, C;
is an empirical constant, as 0.6 [10].

So the total turbulence viscosity gives
W= C,,plkz/b‘ + CsdsarUsyp (10)

Compared with equation (8), the turbulent viscosity
is augmented by the term of C;dsa; U, so this method
is therefore titled by "Augmentation of turbulent visco-

sity"”.
(2) Inter-phase drag forces F,.

The inter-phase drag force has been well noticed in
the studies about the bubble driven liquid flow [1-4].
The momentum exchange between the phase can be ex-
pressed in terms of these forces acting at the interface
between the phases.

The drag force per unit volume is given by:

Fy =[CD%AB(U2i - ljli)lUm - U1i|:|_;B—=
cell

I/cellaz/ (ldé)
o) (U = U = Ul [—5—,
which gives

-—_C[)Bla2 (Uzi Uli){UZi - Ulil (11)

where (s is the drag coefficient; A, the bubble-projec-
ted area; V.., the cell volume; d; the bubble diameter.

The drag coefficient C;, can be expressed as a func-
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tion of the Eétvos number [4]:

Co=—22 500 <Rey <5000 (12)

Fo B+0235

where Eoz=gdip /o, is the E6tvos number of the
bubbles, Res = dis Uy, 1t /p1 is the Reynolds number of the
bubbles.

2.3 Boundary conditions
(1) Symmetric condition.

At the axis, i.e., the centerline, a no-flux condition
(zero normal gradients of flow variables) is imposed at
the axis:

oU, _0U,_0Oa _ 0k _0Oe _
ox Oy ox x (13)
U.=U,=0 14
(2) Wall function.
At the walls, all velocities are set to zero, i.e.
U.=U,=U.=0 (15)

However, in order to preclude the solution of the
governing equations right to solid boundaries where
steep gradients of flow variables occur, a log-law wall
function is employed to deduce k and ¢, wall shear
stress and velocity components parallel to the boundary
at the first computational grid point adjacent to this
boundary [11].

(3) Free surface condition and outlet condition.

The free surface is assumed to be flat, frictionless
and impervious to liquid. However, gas is allowed to
leave by the rate at which it arrives at the surface, the
velocity gradient for existing gas can be regarded as
zero. The zero gradient boundary conditions for k and £
are introduced at the top. The pressure is fixed to at-
mosphere such that the velocities are calculated from
the need to satisfy mass conservation at the computa-
tional cell adjacent to the surface. These conditions are
expressed mathematically as follows:

ale ak aE aU;; aaz
—aJ Pz 0z o0z 0Oz

(4) Inlet conditions.

=0 (16)

At the center of the ladle bottom the inlet of gas exis-
ts. Flat velocity profiles are assumed for the gas at the
orifice exit, i.e., only a vertical gas velocity exists at the
inlet nozzle. The liquid volume fraction is considered
to be negligible at the nozzle exit, i.e.

le = Uly U]z Uzy 0 (17)
=00, a;=1.0 (18)

4
Uzz=Uo=—m% (19)



L. Zhang, Shoji Taniguchi, K. Cai, et al.:

where Q is the gas flow rate; d, is the nozzle diameter.

The turbulence parameters at the inlet quotes that of
0. J. llegbusi et al. [12] as follows:

k=0.015U2 (20)
_94k'?
) (21)

3 Results and discussion

3.1 The fluid flow behavior under the experi-
ment conditions

Figure 2 shows the relationship between the gas
holdup at the centerline a,,. and the height z. When gas

1.0 ¢
Calculation:
0.8 F —— 1 nozzle
------ 2 nozzles
° Experiment by
0.6 F K. Sasaki et al. [8]
: b e | nozzle
k) - 0 2 nozzles
8
0.4
0.2 F
0. 0 1 L i i 1
0 40 80 120 160 200

z/mm
Figure 2 The gas holdup distribution along the cen-
terline of the vessel.

injection is by one nozzle, the gas holdup decreases
with z all the time, but when by two nozzles, the gas
holdup firstly increases, after one peak value, it decre-
ases again. According to the experiment [8], for the
case with two nozzles, the two jets intersect each other
when z>6.2L,, i.e., >120 mm in this case. From figure
2, it can be seen, both the experiment and the calcula-
tion show that after z>120 mm, the gas hc;ldup distribu-
tion with one gas jet is the same as that with two gas
jets. Good agreement exists between calculation and
experiment.

Figure 3 shows the gas holdup distribution along
radical direction at z=150 mm. The gas holdup profiles
is approximately bell-shaped, with the maximum va-
lues along the axis of the vessel. Almost the same dis-
tributions are seen for the case of with one nozzle and
that with two nozzles, which means that the movement
of bubbles is identical after z>120 mm for the two cas-
es.
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Calculation:
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4 ® 1 nozzie
10 E © 2 nozzles
¢ 1072 F
107 &
10 "" ! 1 I ] 1 1 L 1 1..'~ J
-50 -30 -10 10 30 50
x/mm

Figure 3 The gas holdup distribution along the radical direc-
tion at z=150 mm.

Figure 4 is the change of the axial liquid velocity
with z, the tendency is similar with that of gas holdup
distribution. For z >120 mm, the velocities for the case
of injection with one nozzle are the same as that with
two nozzles. It is well known that for this kind of two
phases flow, the liquid flow is generated by the bubble
movement, as previous discussion, the bubble move-
ment is identical, so the liquid flow characteristics are
also identical.

L.0r Calcullation:l
—— 1 nozzle
0.9- 2 nozzles
0.8+ Experiment by
’ K. Sasaki et al. [8]

0.7F o 1nozzle
- ) (1) O 2 nozzles
2 0.6
=
= 0.5
= 0.4

0.3

0.25 o

0.1F ©

[e]
0.0 L 1 1 1 ]
0 50 100 150 200 250 300

z/ mm

Figure 4 The axial liquid velocity distribution along the cen-
terline of the vessel.

The axial liquid velocities along radical direction at
z=150 mm are showed in figure 5, which also indicate
the same distributions for the cases with one or two no-
zzles.

Consequently, for the objected vessels, under the
condition of Ly =20 mm, the liquid flow behavior for
the case with two gas jets injection is the same as that
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0.7 r Calculation:
——— 1 nozzle
------ 2 nozzles
0.6+ Experiment by
K. Sasaki et al. [8]
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Figure § The axial liquid velocity distribution along the rad-
ical direction at z =150 mm.

with one nozzle for z>120 mm. But when using two
nozzles, because the gas-liquid interface is bigger than
that with one nozzle, so it is favorable for improving
the chemical reaction between gas and liquid, then is a
better choice for some metallurgical processing.

From figure 2 to figure 5, it is clearly seen that the
calculated results agree well with the measured ones,
which means this two-phase model is suitable for simu-
lating the fluid behavior of this objected systems, it also
indicates that the new-introduced turbulent viscosity
model (equation (10)) is right. It is feasible to use this
model to predict the fluid flow under related condi-
tions.

3.2 The effect of the distance of two nozzles on the
fluid flow

It is easily to imagine that if we change the distance
of the two nozzles, i.e., Ly in figure 1, the fluid flow be-
havior will be changed. That means that this distance
has effect on the fluid flow. Figure 6 is the calculated

2 nozzles
I'OF Ly=20mm
---- Ly=60mm
0.8F e Ly=100mm

] o

_0.1 _t 1 L 1 1 1

50 100 150 200 250 300
z/mm

Figure 6 The axial liquid velocity distribution along the cen-
terline under the condition of different L..
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axial velocity distributions along the centerline of the
vessel with different Ly . It is obvious that with the in-
creasing of Ly, the velocity is decreased at the same
radical position. When L,=150mm, the axial liquid
velocities along the centerline are almost zero. If Ly
>60mm, there is no intersection between the curve
with one nozzle gas injection and that with two nozzles,
which means the fluid flow behavior is different if the
distance of the two nozzles is changed.

Figures 7 and 8 show the gas holdup and axial vel-
ocity distributions along radical direction at different z
under the condition of different Ly . It is easily seen that

——Ly=20mm

0.14r /623 -e--Ly=60mm

| z/H=12/23

Figure 7 The Calculated gas holdup distribution along rad-
ical direction at different z under the condition of different L.

the fluid flow characteristics are not identical. For the
case of Ly =20 mm, there is only one peak, but for the
other three cases (Ly =60, 100 and 150 mm), there are
two peaks. The two peaks' distance becomes bigger
with the increasing value of Lx . The peak values of the
four conditions are almost same at the height of z/ H=
6/23, but the differences between the peaks of the four
cases become big with the increasing of z, and the pea-
ks value of the case with L, =20 mm is the biggest.

Figure 9 is the relationship between the calculated
mean turbulent energy dissipation rate € and the value
of L, for the objected systems. It should be mentioned
that the center of Ly coincides with the bottom center
of the vessel. In this figure, the black points are calcu-
lated values, and the line curve is regressed from these
values, the regressed equation is:
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Figure 8 The Calculated axial velocity distribution along rad-
ical direction at different z under the condition of different L.
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10 + ®

£/ x107°m?-s7*

6 1 ! L ! )
0.0 0.2 0.4 0.6 0.8 1.0

Ly/d,

Figure 9 The relationship between the mean stirring inten-
sity and the value of L,

1000z =8.09+2.95 (Lu/d.)+6.50 (Lu/d. )~

11.91 (Ly/d,y (22)

It is easily seen that when L, /D is about 0.5, £ is maxi-
mum, which means the two gas injection nozzles are
located at the 1/4 and 3/4 places of the bottom diameter.
It is well known that stirring intensity, i.e., the turbulent
energy dissipation rate ¢, has a vital effect on the mix-
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ing condition, i.e., the bigger value of ¢ generates better
mixing rate. Consequently, when the water in a cylindr-
ical vessel is stirred by two gas jets from the bottom,
the best positions of the two nozzles to get a best mix-
ing are the 1/4 and 3/4 places of the bottom diameter.

3.3 The calculated result of practical ladle systems

A comprehensive study of hydrodynamics in full-
scale liquid metal processing ladles poses serious ex-
perimental difficulties. It is therefore useful to extrap-
olate the present mathematical model beyond its cur-
rently validated limits of vessel size, gas flow rate, and
liquid, to predict plume velocities, average recircula-
tion speeds, and liquid steel flow and turbulence energy
field, in industrial vessels.

As an example of the model's capabilities in this re-
spect, the fluid flow fields of an 80t ladle are predicted
in figure 10. This ladle is with a bottom diameter of 2.0
m, an upper diameter of 2.5m and a height of 2.8 m.

S0
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%
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-

(2

oo I

S

ST

)

Sareat

s

— 1.5m/s

(b)

Figure 10 The fluid flow velocity vectors at the main vertical
plane of 80 t ladle, (a) gas injection by one nozzle; (b) gas in-
jection by two nozzles.
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The total gas flow rate is 3.0x107° m’/s, which means
that as for the case of only with one nozzle the gas flow
rate of this nozzle is 3.0x107* m?/s, but as for the case
of with two nozzles, the gas flow rate is 1.5x10>m’/s
for every nozzle. The liquid steel parameters are [9]:
pre=7000kg/m’, 1z.=0.007 Pa-s, ov. = 1.89 N/m.

Figure 10 (a) is the flow pattern for the case of using
one gas jet located in the center of the bottom, and Fig-
ure 10 (b) is for the case of using two jets placed at the
half radii of one diameter. When with one air jet, there
are vortexes near the free surface, liquid steel recircu-
lates around the vortexes. When with two gas jets, the
liquid movement is almost in upward direction, and has
smaller dead zone compared with that with one jet.

Figure 11 shows the turbulent energy dissipation
rate distribution at the main vertical plane, it is easily
seen that a larger ¢ value is generated and so that a well
mixing is reacted for the case of with two gas jets than
with one gas jet.

0.1
0.01
1
0.001
“ /O 0001
AN\

(2)
0.1 1
0.01
0.01
.00
&
®

Figure 11 The turbulent energy dissipation rate (¢) distribu-
tion at the main vertical plane of 80t ladle, () gas injection
by one nozzle; (b) gas injection by two nozzles, unit: m%s’.
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Figure 12 is the gas plume shape, i.e., the gas holdup
isoline of a@,=0.01. The gas is better dispersed for the
case of with two nozzles than that with one nozzle.

(b

Figure 12 The gas plume shape,i.e.,the gas holdup isoline of
a;=0.01; (a) gas injection by one nozzle; (b) gas injection by
two nozzles.

Consequently, in the industrial production, it is
useful to use two nozzles to inject gas, by which a much
better mixing can be realized than that with one nozzle
under the condition of using the same total gas flow
rate.

4 Conclusions

(1) Based on a two-phase Eulerian-Eulerian model,
the two dimensional fluid flow in air-stirred water sys-
tems is simulated. A new turbulence modification mod-
el is introduced to consider the bubbles movement con-
tribution to & and &. The mathematical simulation ag-
rees well with the experiment results. It is feasible to
use this model to predict the fluid flow under related
conditions.

(2) For the objected vessels, under the condition of
Ly=20mm, the liquid flow behavior for the case with
two gas jets injection is the same as that with one no-
zzle if z is bigger than 120 mm. Because the gas-liquid
interface when using two gas jets is larger than that
with one nozzle, which is favorable for improving the
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reaction between gas and liquid, it is a better choice to
use two gas jets injection for some metallurgical pro-
cessing.

(3) The distance of two nozzles has big effect on flu-
id flow behavior in the vessel. When Ly/d, is about 0.5,
the mean stirring intensity is maximum, so it is the best
choice to get a best mixing of the bath.

(4) Extrapolating the mathematical model from wat-
er system into industrial vessels, the fluid flow of Ar-
stirred ladles is calculated. The results indicate that
using two gas injection nozzles at the half radii of one
diameter of the bottom generates a much better mixing
than with one nozzle under the condition of using the
same total gas flow rate.

Nomenclature

Ay bubble projected area, m?;

C,: constant, 1.44;

C,: constant, 1.92;

C;: constant, 0.6;

Cp: drag coefficient;

C,. constant, 0.09;

D: effective phase diffusion coefficient, m%s;
ds: bubble diameter, m;

d,: nozzle diameter, m;

d,: vessel diameter, m;

Eog: bubble Eotvos number;

F: inter-phase force terms, N/m’;

Fp: inter-phase drag force , N/m?

g: acceleration due to gravity, m/s’;

G: the production rate of turbulent energy, m?/s’;
H: height of the vessel, m;

k: turbulent energy, m%s*

Ly: the distance of two gas injection nozzles, m;
ng: bubble number in the volume of V,;

P:. pressure, N/m’;

. the gas flow rate, m’/s;

Res: bubble Reynolds number;

S: intra-phase source term, N/m’;

S*: inter-phase source term, N/m?

U: velocity, m/s;

U, 4: the liquid mean velocity at the centerline of the
vessel, m/s;

U,: gas injection velocity at the outlet of nozzle, m/s;
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Usip:  slip velocity, m/s;

Ver: cell volume, m?;

o: volume fraction;

o, o the gas holdup at the centerline of the vessel;
p: density, kg/m’;

&: turbulent energy dissipation rate, m?s’;
I': exchange coefficient;

o: surface tension;

Pr: turbulent dispersion Prandtl number;
o, constant, 1.0;

o.. constant, 1.3;

¢: the name of variable;

i laminar viscosity;

e turbulent viscosity;

U effective viscosity;

7. Reynolds stress tensor.

Subscript

i: direction, i=x, y, z;

m: the type of phases, m =1, 2;

1: liquid phase;

2: gas liquid.
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