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Abstract: A CFD-based numerical model was employed to quantitatively analyze the flow characteristics of double-side-
blown gas—liquid flow. Key parameters were extracted, and Spearman correlation analysis was used to quantify the
relationships among bubble behavior, circulating flow, and liquid oscillations. The results show that periodic bubble
behavior under steady injection drives the circulating flow of the liquid on both sides. The asynchronism of bubble
behavior on both sides results in the alternation of circulating intensity, which significantly enhances gas—liquid mixing
efficiency at certain liquid levels of 200 and 220 mm. Flow patterns of the double-side-blown process are classified into
weak circulation, strong—weak alternating circulation, and strong circulation modes based on the influence of circulating
flows on the penetration depth. The penetration depth in the strong—weak alternating circulation mode is generally greater
than that in the single-side-blown process. The imbalance of circulating intensities on both sides primarily leads to the
stable fluctuation in the injecting direction, which reveals the appearance of periodic oscillations in the molten bath. The
effect of control parameters such as liquid level and gas flow rate on the liquid oscillations were discussed.

Keywords: numerical simulation; side-blown furnace; flow characteristics; bubble behavior; penetration depth;
Spearman correlation analysis

furnaces, researchers usually employ numerical

1 Introduction

In pyrometallurgy, the oxygen-enriched side-
blown smelting technology has received much
attention due to its advantages of strong adaptability
to raw materials, high smelting intensity, effective
impurity removal capacity, high economic benefits,
and low environmental effects [1-3]. This
technology has been widely applied in the extraction
and smelting of copper [4], lead [5,6], and secondary
resources [7], as well as in the collaborative
treatment of solid wastes [8]. To optimize smelting
parameters and better understand the characteristics
and interactions of multiphase flow in side-blown

simulations based on computational fluid dynamics
(CFD) and cold-model experiments based on
similarity principles [9—14]. The present research
mainly focuses on gas penetration depth [15], jet
trajectories [16], flow patterns [17], mixing behavior
[18], and emulsification phenomena [19].

The penetration depth (PD) of submerged side-
blown gas is defined as the farthest horizontal
distance from the nozzle outlet to the gas—liquid
boundary [15,20]. HOEFELE and BRIMACOMBE
[20] recorded the PD of an argon oxygen
decarburization (AOD)-converter under various gas—
liquid systems, tuyere sizes, and gas flow rates, and
derived an empirical correlation for PD. MA et al [21]
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established a dimensionless model for PD, and
determined the PD from images captured during
cold-model experiments by MATLAB. ZHU et al
[15] also determined the PD from time-averaged
images by MATLAB to develop a correlation
between PD and nozzle tilt angle. Through water-
model experiments, WANG et al [22] discovered that
the relationship between the PD and gas flow rate
approximates a parabolic curve, and the PD is
relatively unaffected by changes in liquid level and
nozzle height.

The PD is one of the critical characteristics of
gas injection in the submerged side-blown
gas—liquid flow process. It is easily captured by a
high-speed camera in cold experiments and is
commonly used for comparison and validation
against the simulation results [23]. Previous studies
indicated that under constant steady flow, the
gas—liquid flow pattern transitions from bubbly flow
to steady jet flow as the PD or modified Froude
number (Fr) increases [15,20,24]. Further, XIAO et
al [25,26] conducted water-model experiments and
numerical simulations on the oxygen-enriched side-
blown copper smelting furnace (OBSF), identifying
the predominant flow pattern as bubble flow. They
categorized the lifecycle of individual bubbles into
three stages: bubble formation, detachment, and
floating-breakup. HU et al [27] divided the bubble
rise trajectory into four zones: momentum, transition,
jetting, and surface zone.

Other studies have focused on the optimization
and design of operational parameters of the OBSF
based on CFD. XIAO et al [26] and WAN et al [28]
proposed adjusting arrangement and
operating parameters to improve the circulating flow.
BIAN et al [29] used an orthogonal experimental
design to investigate the effects of nozzle
arrangement, nozzle immersion depth, nozzle tilt
angle, and nozzle diameter on the flow field. In
contrast to constant gas flow, SU et al [30] used
variable gas flow rates. They found that sinusoidal
and rectangular waveform injection velocities
effectively mitigated dead zones.

Research on the characteristics of double-side-
blown gas-liquid flow is relatively scarce. Among
related studies, ZHOU et al [31] categorized the
single-side-blown flow patterns into three types:
bubbly flow, slug flow, and intermittent flow. XIAO
et al [25,26] divided the bubble flow field in the
double-side-blown process into five regions, namely

nozzle

high-speed injection, strong-loop, weak-loop, gas
overflow, and separation and settlement. WANG et
al [32] observed macro-instability phenomenon with
periodic oscillations of the liquid under specific
conditions in the double-side-blown process. This
phenomenon could be mitigated or eliminated by
adjusting operational parameters, although the exact
cause remains unclear. In studies of other similar
multiphase reactors, SHUI et al [33] observed
different types of surface waves in the lab-scale
model of a bottom-blown copper bath smelting
furnace and investigated longitudinal waves in
another study [34]. OBISO et al [35] adopted
numerical quantification methods to reveal that the
rotational sloshing waves in a top-submerged-lance
cylindrical metal bath were induced by the gas flow.
TERNSTEDT et al [36] identified three different
flow patterns in an AOD converter with a single-
side-blown injection. FABRITIUS et al [37] arrived
at similar conclusions, and they also studied the
oscillation of the molten bath, attributing the bath
oscillation to the symmetry of the plume on the
vertical axis of the vessel caused by deep penetration
of the gas jets. Investigation of the interaction
between the gas injection and flow circulation in the
double-side-blown process is crucial to explaining
these phenomena, yet current research in this area
remains insufficient, especially in terms of
quantitative analysis.

To fill this gap, our work aims to explore a
method to quantitatively reveal the interaction of
bubble behavior, circulating flow, and liquid
oscillation in the double-side-blown gas—liquid two-
phase flows. Transient simulation of a lab-scale
OBSF model was performed to extract the key
features of gas—liquid two-phase flows. The
reliability of the numerical model was validated by a
cold-model experiment. The Spearman correlation
analysis was introduced to quantitively investigate
the correlations among various key parameters. The
flow patterns in the double-side-blown process were
also discussed.

2 Model construction

In the numerical simulation of bath smelting
furnaces, the volume of fluid (VOF) multiphase flow
model coupled with the realizable k—¢ turbulence
model is commonly used to describe the gas—slag—
matte multiphase system. Therefore, this work also
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adopted the same numerical model, which has been
applied and validated in similar research [23,26,27].
All numerical cases were implemented in the
commercial software ANSY'S Fluent. The geometric
model was simplified as follows: (1) The model
ignored the presence of the top feed inlet for raw
materials as well as the matte and slag tapping holes;
(2) The initial flow field was static and the chemical
reactions were not included; (3) Both the gas and
liquid phases were treated as incompressible fluids
with continuous and stable properties.

2.1 Volume of fluid method

In the VOF multiphase flow model, the liquid
phase was selected as the primary phase, and the gas
phase was set as the secondary phase. The volume
fractions of two gas—liquid phases were calculated
by following continuity equations:

d .
E(agpg) +V(a,p,v) =0 (1

ogto=1 (2)

where ag and o are the volume fraction of the gas
phase and liquid phase, respectively, p; is the density
of the gas phase, and v is the velocity of the fluid.
All phases share the same fluid velocity v, which is
calculated by a momentum equation expressed by

%(m0+vuﬁﬂ=
V- VIV VY4 g + S, 3)

where p is the volume-averaged density, p is the
pressure, x4 is the effective viscosity, g 1is the
acceleration of gravity, and fy is the interfacial
tension between any two phases. The volume-
averaged density and effective viscosity are
calculated by

p=ogpetap )
H=0glte o (%)
where 1 is the viscosity of the ¢ phase. The surface
tension fy is calculated by the continuum surface

force model. Since only gas and liquid phases are
included, the calculus of f; is simplified as

. prVa

where x is the surface curvature and is computed
from local gradients in the surface normal to the

Ja= (6)

interface, o is the volume fraction of phase, and o is
the tension. Related formulas are as follows:

k=V-n (7
A =nlln| ()
n=Va, 9

where 7 represents unit normal vectors, and 7 is
the surface normal vector, characterized by the
gradient of gas volume fraction a.

2.2 Realizable k—¢ turbulence model

The realizable k—¢ turbulence model was
employed to simulate the turbulent flow. This
turbulence model accurately simulates the transport
and dissipation of turbulent energy by accounting for
the nonlinear relationship between dissipation rate
(¢) and turbulent kinetic energy (k). The modeled
transport equations for £ and ¢ in the realizable k—¢
model are

(k) +V(pik) =V (u+&ij:| +G, —pe (10)
ot o

and
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where v is the kinematic viscosity, x4 is the turbulent
viscosity, and Gy represents the generation of
turbulence kinetic energy due to the mean velocity
gradients. They can be calculated by following
equations:

C k*

P, G S’ (12)

where § is the modulus of the mean rate-of-strain
tensor, C, is a constant, and or and o, are the
turbulence Prandtl numbers for & and ¢. Compared to
two other turbulence models in the k—¢ series, C, in
the expression of the eddy viscosity coefficient of the
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realizable k—¢ turbulence model is no longer an
empirical constant but a function of average strain,
rotation rate, angular velocity of system rotation, and
the turbulent fields. The model constants are C>=1.9,
0~=1.0, o.=1.2.

2.3 Geometry model and mesh configuration

The original OBSF has a repeated configuration
of nozzles arrangement. Thus, the injecting area
with two symmetrically placed nozzles was selected
and scaled down to a laboratory-sized reactor at a
ratio of 10:1. As shown in Fig. 1, the main region
of the gas—liquid two-phase flow was chosen as
the computational domain, which has dimensions
of 400 mm x 60 mm % 640 mm. The geometric
parameters are listed in Table 1.

Gas outlet

(@

Fig. 1 Schematic diagrams of geometric and mesh models:
(a) Computational domain; (b) Gas—liquid distribution at
initialization; (c¢) Front view of mesh model; (d) Mesh
structure around nozzle

Table 1 Geometrical parameters

The mesh model of the fluid domain was
constructed with hexahedral meshes. As depicted in
Fig. 1, the number of meshes near the nozzles were
appropriately refined with smooth transitions to
ensure a high resolution of geometric reconstruction
at the gas—liquid interfaces, while it was reduced
near the outlet to enhance computational efficiency.
The circular nozzles in the original furnace with a
diameter of 3.8 mm were modeled as square inlets
with a side length of 3.4 mm. The minimum
orthogonal quality of the mesh model was 0.95
(close to a cube).

2.4 Numerical setting

The physical properties in this work are listed
in Table 2, and the solver configurations of
numerical model are presented in Table 3.

The nozzles of the numerical model were set as
a boundary condition for gas velocity with a range of
29-61 m/s, corresponding to the Fr with a range of
20.58-122.55. The Fr and the inlet turbulence
intensity (/) were calculated by

2
1%
Fr=—1'" (13)
(P —py)gd

[=0.16Re™ V8, Re=L"Pu (14)
Y7

where v is inlet velocity, d is the inlet diameter, Re is
the Reynolds number, and Dy is the hydraulic
diameter. The top outlet was set as the pressure outlet
with the gauge pressure of O Pa, the backflow
turbulence intensity of 5%, and the backflow
turbulence viscosity ratio of 0.1225. The residual of
each control variable was set as 1.0x107,

It is meaningful to study the time-averaged flow
field in the double-side-blown process due to the
periodic movement. The time-averaged value of
variable is computed in each cell of the domain by

Model length, Model width, Model height, Nozzle diameter, Nozzle height, Bath width,
D/mm

Li/mm W>/mm Hr/mm

Liquid level at

Hi/mm Wi/mm initialization, H/mm

60 400 640 3.8

112.3 250 160—240

Table 2 Operating parameters

Gas density,

p/tkgm™)  plkgm™) ptg/(Pas)

Liquid density, Gas viscosity, Liquid viscosity, Gas—liquid interfacial Inlet velocity, Liquid level,
w/(Pa-s)

tension, go/(N-m ™) v/(m's™) H/mm

1.225 1000 1.8x107°

0.001

0.072 19-61 160—240
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Table 3 Numerical setup
Item Model/Scheme

VOF-implicit,
interfacial modeling type: sharp

Multiphase (interfacial anti-diffusion),
continuum surface force model for gy
Realizable k—¢ turbulence model,
Viscous near-wall treatment:
standard wall functions
Pressure-velocity coupling
Solution SIMPLE scheme,
methods pressure: PRESTO!,
momentum: second order upwind,
turbulence: first order upwind
. . Time step size: 1x107*
Discretization (Courant number < 5)
F-L("gd 15
¢=—], g (15)

where ¢ is the flow variable, ¢ is the time-average
value of ¢ during the total time 7, and ¢, is the
transient value of ¢ at one time step. All numerical
quantities were computed to a total of 25s. The
initial transient development of the flow was
excluded by removing the first 5 s of the simulation
from the statistical analysis of real physical time.

3 Model validation

3.1 Grid independence

Four sets of mesh models with cell numbers of
368750, 653664, 986622 and 1315820 were used in
the grid independence determination, and the results
are presented in Fig. 2. It is evident from Fig. 2(a)
that after 5s, the case of 368750 cells exhibited
significant changes and overall low velocity, while
the other three cases fluctuated within a relatively
narrow range. In Fig. 2(b), the other three cases
demonstrated a better description of gas—liquid
distribution, indicated by the difference in the area
circles by the dashed line in ‘Mesh 1’ from the other
cases. Therefore, considering the computational time
and solution accuracy, the mesh size of 653664 cells
was selected for this work.

3.2 Water-model experiment

A cold-model experiment was conducted to
validate the accuracy of the numerical results
with the configuration shown in Fig. 3(a). The

experimental equipment and procedures used in this
work were detailed in a previously published work
of our team [25]. Python was used for programming
and processing the images captured by the high-
speed camera. The steps of image processing are
shown in Fig. 3(b). A detailed description of the
image-processing procedures can be found by ZHU
et al [15]. The comparison results between the
experiment and shown in
Figs. 3(c)—(e). General agreement between the
experimental and numerical results validated the
suitability of the VOF multiphase flow model
coupled with the realizable k—¢ turbulence model in
describing gas—liquid two-phase flow. Further, the
dimensionless PD (the ratio of PD to nozzle diameter,
L/D) showed a linear relationship with inlet velocity
(v), which is consistent with the results of
FABRITIUS et al [36].

simulation are

(@)

5.5

5.0

| IL{; |

[
—=— Mesh 1 i
—— Mesh 2
—— Mesh 3
—— Mesh 4

0 5 10 15 20

Average liquid velocity/(1072m-s™")

Volume fraction of liquid

| = -
(b) 0.1 0.3 0.50.7 0.9

Fig. 2 Results of grid independence test: (a) Average
liquid velocity over time; (b) Time-averaged volume
fraction of liquid at Y=0.0 m cross-section (Mesh 1:
368750; Mesh 2: 653664; Mesh 3: 986622; Mesh 4:
1315820)

4 Result and discussion

4.1 Characteristic parameters

This section focuses on describing the critical
regions extracted from the transient and mean flow
fields, providing the information for quantitative
characterization of the interaction between bubble
behavior and the circulating flow.
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Fig. 3 Cold-model experiments and model validation: (a) Schematic diagram of experimental facility; (b) Steps of image

processing; (c) Transient flow field; (d) Time-averaged flow field; (e¢) Dimensionless penetration depth in single-side-

blown processing

4.1.1 Analysis of flow field

The flow field significantly affects the
gas—liquid mixing efficiency, chemical reaction rate,
and the stable operation of the furnace. It was
observed that the flow field generally exhibits
periodic changes under symmetric geometry and
boundary conditions in this work. This phenomenon
was also obtained in similar studies [25,34]. The
visualization of the circulating flow and the
evolution of the bubbles is presented in Fig. 4. The
plane of velocity contour is located at ¥=0.03 m
(through the center of the gas inlets) and the gas
fraction (ag) at the white iso-surface is 0.5. The
velocity distribution is filtered, blanking the regions
where 0,>0.5. At 1=7.94 s, the floating bubbles on
the left side push the surrounding liquid continuously
toward the center, concurrently driving the liquid
below it upward, thereby forming a circulating flow
in the left region of the reactor. A similar process
occurs on the right side. The liquids from both
circulating zones converge at the upper part of the
reactor and then move downward, facilitating the
circulating flow of the lower liquid. The growth of
the bubbles on the right side impedes this circulation,
resulting in noticeably smaller and slower circulation

compared to the left side. From 7.94 to 7.98 s, the
left region experiences the ascent of the bubbles until
new bubbles form and grow, whereas on the right
side, the bubbles form and ascend. The floatation of
bubbles causes the liquid in their original position
and below to flow upward, forming a liquid region
with a velocity exceeding 0.04 m/s, designated as the
“upward flow zone” in this work. It is evident that as
the driving force of floating bubbles on the
surrounding liquid phase increases, the volume of
the upward flow zone should also increase
accordingly.

As illustrated in Fig. 4(b), the gas injected into
the liquid attempts to maintain a spherical shape to
withstand the drag force induced by the liquid [38].
This causes the growing bubble to continuously
displace the surrounding liquid, hindering the
upward movement of the liquid below the bubble
and thereby reducing the volume of the upward flow
zone. When the bubble reaches a certain size, it
detaches and begins to rise, while the liquid below
it rapidly occupies the original position of the
bubble, resulting in an expansion of the upward flow
zone. This process indicates that the upward flow
zone exhibits high sensitivity to the bubble behavior.
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Fig. 4 Circulating flow and bubble behaviors in transient flow field (v=37 m/s, H=200 mm): (a) Evolution of circulating

flow over time; (b) Bubble behavior on right side of (a) and streamlines around it

Additionally, the liquid phase within this zone
primarily interacts with the injected gas during its
ascent, and its volume substantially reflects the
intensity of gas stirring and the efficiency of the
gas—liquid reaction.

The time-averaged flow field of the double-
side-blown gas—liquid process is presented in Fig. 5.
Based on the flow characteristics, the flow field can
be divided into the injecting zone, the circulating
zone, and the settling zone. The circulating zone
includes two symmetric small circulation zones on
both sides, each containing an upward flow zone
formed by the floating bubbles. Figures 5(b) and (c)
reveal that the injecting zone is characterized by high
turbulence, promoting effective gas—liquid mixing
and rapid mass transfer and heat exchange. In
contrast, the central part of the flow field exhibits
low turbulence, contributing to the stable formation
of circulation. It is observed that the upward flow
zones within the circulating zone connect the high-
and low-turbulence areas, significantly influencing
the interfacial mass and heat transfer.

4.1.2 Feature extraction

A parallel user defined function (UDF) was
written and compiled to compute and record the
characteristic parameters extracted from the
numerical model at every time step. The definitions

and importance of these parameters were quantified
as follows.

The center of mass (CoM) of the liquid phase
represents the average position of the liquid phase
and is important for understanding the distribution
and stability of the liquid phase. The CoM in three
dimensions was calculated by the following

formulas:
Y Vi(l-a,,)X,
CoM-y=£— (16)
Y Vi-ay,,)
i=1
Y Vi(-a, )Y
CoM-Y ="=L— (17)
Z Vl (1 - ag,i)
i=1
ZVI(I - ag,i)Zi
CoM-Z= (18)
z I/z (1 - ag,i )

i=1

where n is the total number of mesh cells, V;
represents the volume of the ith mesh cell, o, is the
gas volume fraction in the ith mesh cell, and X;, ¥;
and Z; denote the ith mesh cell along the X, Y and Z
axes, respectively.
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Injecting zone

Settling zone

(b)

Low-turbulent
flow region

Turbulence kinetic energy/
(m?-s72)

- I

0.0 1.00 10.00 100.00

Velocity/(mes™")
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Low-turbulent
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Turbulent dissipation rate/
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Fig. 5 Time-averaged flow field of double-side-blown gas—liquid flow (v=37 m/s, H=200 mm): (a) Time-averaged
velocity distribution of liquid; (b) Time-averaged turbulence kinetic energy; (c) Time-averaged turbulence dissipation

rate

The average liquid velocity (v ) and relative
standard deviation (RSD) of the liquid velocity
distribution are commonly used to quantitatively
characterize the mixing intensity and uniformity
of gas—liquid stirring in the numerical simulation of

the copper smelting furnaces [39], calculated
respectively by the following equations:
¢ viVi (1 - ag,i)
v=> (19)
z Vz (1 - ag,i )
i=1
v, =y -0y ;)
L= ’
SD = " - (20)
n —_—
z K (1 - ag,i)
i=1
RSD=£><100% (21
v

where v; is the velocity in the ith mesh, and SD is the

standard deviation of the liquid velocity.

The penetration depth is critical as an indicator
of the gas—liquid interaction and the effectiveness of
gas distribution within the liquid. To accurately
monitor the PD of side-blown injected gas, the
concept of equivalent penetration depth was
proposed in this work. As illustrated in Fig. 6(a), the
brown sampling region extends 0.04 m from the inlet
area (0.0283m<Y<0.0316m, 0.1219m < Z <
0.1253 m) toward the centerline. The PD (L) was
calculated according to

zag,iVi

L= i=1
4,

where ag; represents the gas volume fraction of the
ith mesh cell, and A4i, denotes the inlet area. This
algorithm ensured a continuous variation of the PD
without abrupt changes and is consistent with the
time-averaged field.

(22)
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Fig. 6 Extraction range of characteristic parameters: (a) Transient flow field; (b) Time-averaged flow field

The gas hold-up rate (GHR) quantifies the
fraction of the total volume occupied by the gas
phase. It is important for assessing the gas—liquid
interaction, the efficiency of gas dispersion, and the
overall performance of the reactor.

The volume of bubbles (VoB) was determined
by the total gas volume within the bubbling zone
shown in Fig. 6(a), where A, is determined by the
time-averaged gas—liquid distribution shown in
Fig. 6(b). The VoB is important for evaluating gas
dispersion and bubble dynamics. The total volume of
the gas phase (VoG) is calculated from the gas
volume within the extended region heights from 4,
to &, the latter being determined by the initial liquid
level. The volume of the upward flow zone (VoUF)
defined in this work is calculated from the total
volume of liquid with velocities greater than or equal
to 0.04 m/s below the plane at Z < 0.12 m and within
0.06 m horizontally from the nozzle.

4.1.3 Spearman correlation analysis

Correlation analysis is generally used to assess
the strength or direction of correlation between
mathematical and statistical variables [40]. A strong
positive correlation indicates a robust relationship
between variables, whereas a low correlation
suggests a weak relationship. The commonly used
methods for correlation analysis include Pearson
correlation analysis, Spearman correlation analysis,
and the Kendall rank correlation coefficient [41].

For time-series data, it is crucial to conduct a
stationarity test initially to determine whether the
time series are random, as random data lack
analytical value. The augmented Dickey-Fuller
(ADF) test [42] was applied for the stationarity

testing of variables in this work, and the results are
presented in Table 4. The results indicate that all
parameters except the GHR are stationary data.

Table 4 Results of ADF test

Test Critical
Parameter

statistics value (1%) Result

P-value

CoM-X —8.68 —3.43  4.26x107* Stationarity
CoM-Y 204 —3.43 0.00  Stationarity
CoM-Z -10.7 —3.43  3.08x107" Stationarity
PD —32.8 —3.43 0.00  Stationarity
VoB -30.6 —3.43 0.00  Stationarity
VoG -13.3 —3.43  7.24x107% Stationarity
VoUF  -21.9 —3.43 0.00  Stationarity
GHR  -0.655 —343 0858 smﬁl\gﬁ;’my
v -12.9 —3.43  3.95x107?* Stationarity
RSD -21.3 —3.43 0.00  Stationarity
The kemnel density distribution of the

standardized data is illustrated in Fig. 7(a). It is seen
that all variables approximate a normal distribution.
Therefore, the Spearman correlation coefficient was
utilized to measure monotonic relationships between
pairwise variables [43]. The Spearman correlation
analysis evaluates similarity scores based on ranks,
serving as a non-parametric measure of correlation
that quantifies the extent of monotonic relationships,
even in the absence of a linear relationship [41,44].
For two time-series data sets of equal length A=A,
Az, **+, A,] and B=[Bi, B2, ***, B,], Spearman’s
correlation coefficient () is defined as follows:
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The value of rs ranges from —1 to 1, where 0
indicates no correlation, 1 indicates a perfect positive
correlation, and —1 indicates a perfect negative
correlation. The sign of 7, indicates the direction of
the correlation.

The values of s between pairwise stationary
data sets mentioned above are depicted in Fig. 7(b).
Letters preceding the hyphen denote different
parameters. Following the hyphen, —X, —Y, and —Z
correspond to the component of CoM in the X ¥, and
Z directions respectively. —D represents the distance
of CoM in the transient field to the time-averaged
field. —L denotes parameters in the left injecting area
(where X < 0), —R denotes parameters in the right
injecting area (where X > 0), and —L+R indicates the
sum of parameters in the left and right injecting areas.
The 7, value between PD and VoB exceeds 0.80,
indicating a strong relationship between the
penetration depth and the bubble volume. It is
evident that an increase in the penetration depth
directly increases the bubble volume. The value of 7
between PD and VoG is approximately 0, suggesting

a negligible correlation between penetration depth
and gas content in the injecting zone. The value of 7,
between VOUF-L+R and v is0.70, while with RSD
it reaches —0.84. There is a strong positive
correlation between the volume of the upward flow
zone and Vv, and a very strong negative correlation
with RSD. This result indicates that changes in the
volume of upward flow zones are strongly associated
with the intensity and uniformity of the circulation.
Additionally, the value of »; between VoUF-L and
VoUF-R is —0.48, indicating a moderate negative
correlation, which suggests that there are possible
alternating strengths between the circulating flows
on the left and right sides. The value of s between
CoM-X and CoM-D is 0.75, which indicates a strong
relationship. The CoM of the liquid phase may be
primarily caused by changes along the X-direction.

4.2 Flow patterns
4.2.1 Circulating flow

The flow patterns of the double-side-blown
process are crucial for gas—liquid mixing, slag—
metal separation, and stirring intensity. To further
investigate the mutual influences between the two
injection zones under different operating conditions,
we conducted a statistical analysis of flow
characteristics at various liquid levels and inlet
velocities. According to Fig. 8(a), the height of the
circulation center increases with increasing liquid
level. This phenomenon may be attributed to the
elongation of the bubble rise trajectory due to the
increased liquid level, which enhances the
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dissipation of the kinetic energy of injected gas.
Figure 8(b) indicates that with increasing inlet
velocity, the low-speed region of the circulation
noticeably decreases.

As depicted in Fig. 9(a), the VoUF exhibits a
trend of initially increasing and then decreasing with
increasing liquid level. At H=200 mm or =220 mm,
the range of peak values of VoUF is significantly
larger than that under other conditions, with the 7
values of —0.46 and —0.52 for VoUF between the left
and right sides. The large VoUF indicates that the
driving effect of the injected gas on the liquid phase
is significantly enhanced, promoting liquid
movement and thereby increasing the gas—liquid
mixing and stirring efficiency. According to
Fig. 10(c), the smoothed VoUF-L and VoUF-R

H=180 mm

(b)

v=29 m/s v=33 m/s

v=37 m/s

669

exhibit distinct opposite trends of variation under
specific conditions, whereas they demonstrate more
random and disorderly variations at other liquid
levels. This indicates that under certain conditions,
the formation and magnitude of circulation areas on
the two sides exhibit periodic alternations. Further
analysis of Fig. 10(e) indicates that over short time
scales, alternating dominance between VoUF-L and
VoUF-R implies an imbalance in the evolution of
circulation intensities over time. As shown in
Fig. 9(b), with an increase in the inlet velocity, the
value of r; gradually increases, showing a linear
relationship. This may be due to the enhanced
circulation intensities as the inlet velocity
increases, thereby gradually reducing their mutual
influence.

Velocity/(m-s™)
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H=220 mm H=240 mm

Velocity/(m+s™")
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v=41 m/s v=45 m/s

Fig. 8 Time-averaged velocity distribution and statistical analysis of VoUF: (a) Time-averaged velocity contour at
different liquid levels (v=37 m/s); (b) Time-averaged velocity contour at different inlet velocities (H=200 mm)
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4.2.2 Penetration depth

The PD of the gas critically influences the
gas—liquid contact area, gas hold-up, and circulating
flow field. To present the impact of alternating
strengths of the circulating flows on bubble behavior,
the dimensionless PD obtained from statistical
analysis is presented in Fig. 11. The PD exhibits a
parabolic relationship with the inlet velocity, with a
fitness exceeding 0.99, in line with the results of
WANG et al [22]. At lower velocities (v<29 m/s,
corresponding to Fr < 20.6), the dimensionless PD is
close to that of the single-side-blown process. The
inlet velocities of the injected gas are too small to stir
the liquid phase, resulting in little mutual influence
between the weak circulations. At higher velocities
(v>57 m/s, corresponding to Fr> 107), the high-
speed injected gas transfers more kinetic energy to

8.5

X Single-simulated
— Single-simulated (Linear fitted)
O Double-simulated (H=180 mm)
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----- Duble-simulated (Fitted curve 2) A g

S i
Qgst gy |
E 65 ,"’, ’9’ ;
s i
> Curve 1: R?=0.996 g
550 Curve 2: R?>=0.997 i
E 29 m/s i
45 R . 57 m/s .
20 30 40 50 60

Inlet velocity/(m+s™")

Fig. 11 Dimensionless PD at various inlet velocities

the flow field, leading to the formation of strong and
stable circulation regions. The bubbles formed on
both sides experience resistance from the fast flows,
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causing the PD to be even smaller than that in the
single-side-blown process. Within the intermediate
velocity range (29 m/s <v<57 m/s), the PD
generally exceeds that of the single-side-blown
process. The alternating strengths of circulation
reduce the resistance of the growing bubbles from
the liquid phase. Based on the characteristics of the
PD, the double-side-blown gas—liquid flow can be
classified into three modes: weak circulation
(v<29 m/s), alternating strong—weak circulation
(29m/s < v<57m/s), and strong -circulation
(v>57 m/s). At liquid levels of 180 and 200 mm,
respectively, the PD in the strong-weak alternating
circulation mode averages 4.2% and 2.0% greater
than that in the single-side-blown process.

4.3 Liquid oscillation
4.3.1 Oscillating frequency

The liquid oscillation in the molten bath
significantly affects the slag splashing, lining erosion
and operational stability in the OSBF. Due to the
periodic alternation of the circulating flows on both
sides under the symmetric geometry and boundary
conditions, it is important to analyze the variations

of the CoM of the liquid phase, which reflects the
overall motion of the liquid. It is shown in Figs. 12(a)
and (b) that the distribution of CoM lacks apparent
regularity in the three-dimensional space.
Figure 12(a) indicates that increasing the liquid level
significantly enlarges the range and disorder of
oscillations in all three directions, especially along
the X axis, consistent with the results of the
correlation analysis above. Figure 12(b) suggests
that at /=200 mm, the fluctuation range of the CoM
in the X axis decreases as the inlet velocity increases.

The component of CoM in the X direction
(CoM-X) over time and its autocorrelation analysis
are presented in Figs. 13(a) and (b). The CoM-X
exhibits significant periodic variations along the X
axis. The frequency domain analysis using the fast
Fourier transform, shown in Fig. 13(¢), indicates an
oscillating period of approximately 0.57 s (1/1.75 s).
Furthermore, it is observed from Fig. 13(d) that with
increasing liquid levels, the oscillating period of the
CoM-X initially decreases and then increases.
Figure 13(e) illustrates that there is no apparent
correlation between the oscillating period of the
CoM-X and the inlet velocity.

H=160 mm H=180 mm H=200 mm H=220 mm H=240 mm
11.50 1150 J1.50 J1.50 Density/10*
1.75
1.50
g £ £ g
: g £ £ E
(@) N 1. N N N N 1.00
0.75 ¢ 075 ¢ 2 2 B 0.75
= = = = =
k5 k| = = 5 0.50
o] 3] 3] © o)
<4
= = a = 0.25
0
- 0\ 0 -1 0\ -1 S
. 5 >
(1/172,,] 120 (‘(707,,7 1272, % Ly 10
Rt ¥ ™ S
I gl qIs
t Same
v=29 m/s v=33 m/s v=37 m/s v=41 m/s v=45 m/s
7150 11-50 1150 7150 1150 Density/10¢
24
2.1
£ £ g g £ 18
(b) £ £ g £ £ s
N N N N N :
075 ¢ 2 2 1075 ¢ : 12
= k| E g g 0.9
& & 2 & & 0.6
03
0
. 0 0
9 0 N
Y, 1 \’9")0.046 (1711;,17 1 \)QJO.GO'tY
e e

Fig. 12 Position of CoM in plane X—Y over time at different liquid levels (v=37 m/s) (a) and at different inlet velocities
(H=200 mm) (b) (The contour represents the density distribution of the CoM projected onto the X—Y plane)
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4.3.2 Lag correlation analysis

To investigate the primary causes for the
variations of the CoM-X, which is the main
component of liquid oscillations, we defined a ratio
of the liquid phase masses on the two sides of the
vessel, denoted as Rnn. The formula of R, is given as
follows:

_ Am
Amy,

R

n (24)
where Amyg denotes the difference in liquid phase
mass between the two sides of the longitudinal
section at X=0 in Fig. 14(a), and Am represents the
difference in liquid phase mass between the two
sides of the longitudinal section at X=0 below the
cross-section at Z=7, in Fig. 14(a). A larger Am
corresponded to a larger R, indicating a greater

contribution to the variation of liquid phase
relative to CoM-X at the corresponding position.
Figure 14(b) illustrates the variations of Ry at
time #1—f within the bubble region (Z<0.19 m),
fluctuation region (0.19m<Z<0.22m), and
splashing region (Z>0.22 m) corresponding to
Fig. 13(a). Compared with the bubble and splashing
regions, the fluctuation region exhibits the greatest
variation in Rn, even exceeding 2 at (=,
underscoring its significant contribution to the
variation of the CoM-X. Combined with Fig. 14(c),
it is evident that the wave-like fluctuations of the
liquid surface also exhibit apparent periodicity. The
periodic and stable oscillations of the liquid in the X
direction suggest that the mass transfer and
circulation of the liquid phase on both sides are
relatively stable in the double-side-blown process.
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It is observed from Figs. 15(a) and (b) that the
variations of the VoUF-L-R (the difference in the
VoUF between two sides) and the CoM-X follow a
similar trend. According to the result of lag
correlation analysis shown in Fig. 15(c), non-zero
peak correlation coefficients with an average interval

O -
wn O
T

|
o
W

Volume/10™* m3
> o

Correlation coefficient
(e}

1.0
0.5
-0.5
-1.0

X/mm

5.0 7.510.012.515.017.520.022.525.0

Time/s
A )
vth!
N A
W il
Average: #Z’;T, =0.57s
-20-15 -10 =5 0 5 10 15 20

Lag/s

Fig. 15 Lag correlation analysis between VoUF-L-R and
CoM-X: (a) VoUF-L-R and CoM-X over time at H=
180 mm; (b) Lag correlation analysis (=180 mm)

of 0.57 s (consistent with the oscillating period of
CoM-X) indicate a lagged relationship between
VoUF-L-R and CoM-X. In the circulating flows of
the double-side-blown process, the difference of the
circulating intensities the liquid to
predominantly flow towards the side with strong
circulation, resulting in fluctuations of the liquid
phase. Due to the stability of circulation on both
sides and mass transfer in the central liquid phase,
CoM-X exhibits stable periodic fluctuations along
the X axis.

causes

5 Conclusions

(1) The periodic bubble behavior serves as the
primary driver of liquid motion and circulation,
creating an upward flow zone that exhibits high
sensitivity to bubble behavior with velocities
exceeding 0.04 m/s. There is an alternating pattern in
the volume of upward flow zone on both sides,
indicating alternating strengths in the two circulating
flows at certain liquid levels. This phenomenon
increases the intensity of the circulating flow, which
significantly enhances the efficiency of gas—liquid
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stirring.

(2) Based on the effect of circulating flows on
the penetration depth, the double-side-blown
gas—liquid flow is categorized into three flow
patterns: weak circulation, strong—weak alternating
circulation, and strong circulation. In the strong—
weak alternating circulation mode, the penetration
depth is generally greater, indicating a stronger
transfer of the kinetic energy, than that in the single-
side-blown process. At a liquid level of 180 mm and
an inlet velocity of 37 m/s, the penetration depth in
the strong—weak alternating circulation mode
averages 2.0% greater than that in the single-side-
blown process.

(3) The liquid phase exhibits relatively stable
and periodic oscillations in the horizontal injection
direction due to the imbalance of circulating
intensities on both sides. With increasing liquid
levels, the oscillating period in the injecting direction
initially decreases and then increases.
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