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Abstract
For the recovery and utilization of valuable metals in metallurgical solid waste, a side-blown vortex smelting reduction reac-
tor is proposed for the recovery of Fe from copper slag. A preliminary numerical simulation of the multiphase flow in the 
reactor was performed. The effect of nozzle diameter and modified Froude number on the gas-copper slag-iron interaction 
was investigated. The results show that when the nozzle diameter is identical, with increasing modified Froude number, 
the motion of the slag surface will be increasingly intense, the slag splashing amount will increase significantly, and the 
distribution of the gas-slag mixed phase will be increasingly expanded. The generation of vortex flow is related to the gas 
penetration behavior. When the nozzle diameter is identical, the gas penetration depth increases with increasing the modified 
Froude number, and the vortex flow gradually generates. When the gas flow rate is identical, the modified Froude number 
increases with decreasing nozzle diameter, causing the slag splashing amount will slightly increase. When the gas flow 
rate is identical, the gas penetration depth increases with decreasing nozzle diameter, causing the vortex flow to be more 
easily generated. When the nozzle diameter and the modified Froude number are constant, the gas–oil–water system forms 
a vortex flow more easily than the gas-slag-metal system, which is related to the expansion phenomenon of the gas under 
high-temperature conditions.
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Introduction

The metallurgical industry produces a significant amount of 
solid waste [1], for instance, tens of millions of tons of cop-
per slag and more than 100 million tons of red mud are pro-
duced annually [2, 3]. Unfortunately, the current treatment 
techniques are restrictive, resulting in ineffective recycling 
and utilization of solid waste. [4]. As a result, the storage 
of metallurgical solid waste occupies land and causes envi-
ronmental and safety problems [5, 6]. Exploring resource 
utilization for metallurgical solid wastes is necessary to 
address this issue. Copper slag contains several recoverable 
metals, including Fe, which accounts for about 40 wt.% [7]. 
Fe in copper slag can be recovered through magnetic sepa-
ration or high-temperature reduction [8, 9]. Many studies 
have reported on the recovery of Fe from copper slag using 
smelting reduction [9–12]. However, the smelting reduction 
process usually requires specific reactors and involves com-
plex gas-slag-metal interactions [13]. Thus, understanding 
the flow and interaction of the multiphase system is crucial. 
Based on the smelting reduction process, a novel side-blown 
vortex smelting reduction reactor is proposed in this paper to 
recover Fe from metallurgical waste slags [14, 15].

Multiphase interactions in pyrometallurgical reactors 
are challenging to observe and measure experimentally. 
Therefore, numerous numerical studies have been carried 
out for side-blown reactors. Typically, the VOF multiphase 

flow model coupled with the k-ε or k-ω turbulence model 
is commonly used for this purpose. In the ironmaking 
field, Stephens et al. [16] simulated the bath dynamics 
in the HIsmelt process and showed that the numerical 
model they developed could capture the flow dynamics 
and clarify the effect of particle number on convergence. 
Witt et al. [17] simulated the HIsmelt process and showed 
that including thermal effects in the simulation would 
increase the computational cost, but that thermal effects 
were significant for the particle heating rate, gas genera-
tion, and dynamics in the bath. Feng et al. [18] simulated 
a C–H2 smelting reduction furnace with top-side-bottom 
combined blowing and showed that the mixing effect, reac-
tion interface, splash, and lining erosion all increased with 
increasing gas flow rate and immersion depth of the side 
lance. Bölke et al. [19] and Svantesson et al. [20] simu-
lated the IronArc ironmaking process and showed that in 
the jet regime, the energy utilization was higher, and the 
refractory erosion was slower. He et al. [21] simulated an 
iron bath reactor with side-bottom combined blowing and 
showed that increasing the inclination angle and immer-
sion depth of the side lance promoted bath mixing. The gas 
holdup and stirring intensity increased with an increase 
in the immersion depth of the side lances. Sun et al. [22] 
simulated the mixing behavior in an iron bath gasifier with 
top-side-bottom combined blowing and showed that the 
numerical results were consistent with the experimental 
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results for the bath’s flow pattern and mixing behavior. 
Bian et al. [23] simulated the ironmaking process with 
oxygen-rich side-blown for vanadium-titanium magnetite 
and showed that the gas-slag mixing was uniform, and the 
fluctuations of the slag-iron interface and the turbulence 
in the molten iron layer were weak. In the argon oxygen 
decarburization (AOD) converter field, Odenthal et al. 
[24] and Wuppermann et al. [25] studied the oscillation 
problem of the AOD converter. Wei et al. [26, 27] found 
that the number and angle of tuyeres had less effect on 
the basic characteristics of gas stirring, liquid flow, and 
turbulent kinetic energy distribution. Wimmer et al. [28] 
compared and optimized the various geometries of ves-
sels in detail. Cheng et al. [29] studied the effect of tuyere 
configuration and gas flow rate on the flow characteristics, 
and mixing behavior. In the Peirce-Smith converter (PSC) 
field, Chibwe et al. [30–32] found that top-side combined 
blowing could improve process efficiency and reduce 
splashing. Sonic flow conditions could slow down the 
refractory erosion in the tuyere area. Almaraz et al. [33] 
found that the bubbling-jetting transition is better repre-
sented by the Kutateladze number. Silva et al. [34] evalu-
ated the effect of operating conditions on the service life of 
refractory materials. Zhao et al. [35] determined the opti-
mal operating parameters by comprehensively considering 
the circulation flow and wall shear stress. Lu et al. [36] 
found that periodically changing the nozzle height could 
evenly scour the furnace lining near the nozzle and pro-
long the service life. In the oxygen-enriched side-blown 
reactor field, Zhang et al. [37] simulated the Vanyukov 
furnace and showed that the slag was more active above 
the tuyeres. Liu et al. [38] found that a locally compact 
with globally sparse nozzle layout resulted in better mix-
ing intensity and gas distribution, slowing down the ero-
sion of the furnace lining. Liu et al. [39] found that the gas 
penetration depth, surface fluctuation height, and bubble 
scale calculated using the realizable k-ε model agreed with 
the experimental results. Xiao et al. [40] found that the gas 
in the copper smelting process was a periodic bubbling 
pattern.

The proposed novel side-blown vortex smelting reduc-
tion reactor can use metallurgical solid wastes, such as cop-
per slag or red mud, for ironmaking. The preheated air is 
injected into the slag at a specific angle to produce a vortex 
flow inside the slag which rapidly stirs the raw material (slag 
with the reducing agent) for smelting and reduction, enhanc-
ing the transfer of valuable components and homogenization 
within the bath. The CO generated by the reduction reaction 
and the excess C reacted exothermically with the injected air 
to maintain good slag fluidity. While the mixing behavior 
and bubble characteristics in the reactor have been studied 
by physical simulation [14, 15], such experimental studies 
were limited to the gas–liquid system due to the limitation 

of measurement methods, and differ from the actual gas-
slag-metal system. Therefore, numerical simulation meth-
ods were employed in this study to obtain flow information, 
explore process conditions, and develop a preliminary model 
applicable to this reactor. The study investigates gas-slag-
metal interaction, and multiphase flow information, and 
verifies the feasibility of vortex flow generation in the slag 
driven by gas. This research is of great significance for opti-
mizing the reactor and future industrial practice.

Simulation Methods

Geometry and Mesh Model

It is difficult to obtain valuable information from experi-
ments with a gas-oil–water system. Therefore, both gas-slag-
metal and some gas–oil–water systems were simulated. The 
properties of copper slag vary depending on the smelting 
process, resulting in a wide range of kinematic viscosity 
values. The kinematic viscosity of silicone oil (100 × 10–6 
m2·s−1) used to simulate copper slag is relatively close to 
that of copper slag (62.5 × 10–6 m2·s−1) in the literature [40]. 
Because the reactor has not yet been realized for production, 
the laboratory-scale reactor was simulated. The dimensions 
of the reactor are detailed in Table 1, while the geometry and 
mesh model is illustrated in Fig. 1. The simulation focused 
primarily on the slag layer, where multiphase interactions 
were most intense. Therefore, local mesh encryption was 
applied to the nozzle outlet, the middle and upper region of 
the slag layer, and part of the region above the liquid surface. 
Figure 2 shows the monitoring planes and monitoring lines. 
As shown in Fig. 3, the mesh-independent verification of 
the gas-oil–water system was conducted using mesh num-
bers 454217, 775813, 962401, and 1098014. The gas expan-
sion could be accurately simulated when the mesh numbers 
were 962401 and 1098014, which indicated that these two 
meshes satisfied the requirements for the simulation. Finally, 
the simulation was carried out with mesh number 962401.

Governing Equations

The fluid flow was simulated with the VOF multiphase flow 
model coupled with the SST k-ω turbulence model. And the 
following assumptions were made: (1) gas was regarded as 
compressible Newtonian fluid and liquids were incompress-
ible; (2) gas viscosity followed Sutherland theory and the 
physical properties of liquids were constant; (3) fluid flow 
was a three-dimensional, unsteady, non-isothermal process; 
(4) chemical reactions were neglected.

In the VOF model, the trace of the interface between the 
phases is accomplished by solving the continuity equation 
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for the volume fraction of the phases. For the qth phase, 
the equation takes the following form.

where �q , �q and ���⃗uq are the density, volume fraction, and 
velocity vector of the qth phase, respectively, and

(1)
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= 0 The momentum equation is shared by each phase and 
the equation has the following form.
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Table 1   Dimensions of the reactor and the physical properties of the fluids [40, 41]

Parameters Values

Vessel diameter D (m) 0.48
Vessel height H (m) 0.65
Lance installation height HL (m) 0.4045
Lance submersion depth SL (m) 0.05
Tangential angle of the lance α (°) 60
Vertical angle of the lance β (°) 10
Height of the metal or water (m) 0.30
Height of the slag or oil (m) 0.20
Nozzle diameter dn (10–3 m) 3.00 3.75 4.50
Number of lances n 6
TemperatureT (K) Gas–oil–water 293

Gas-slag-metal 1773

Physical properties Gas–oil–water Values Gas-slag-metal Values

Density (kg·m−3) Air Ideal gas Air Ideal gas
Silicone oil 960 Copper slag 3360
Water 998 Iron 7036

Viscosity (Pa·s) Air 1.81 × 10–5 Air Sutherland
Silicone oil 0.096 Copper slag 0.21
Water 0.001 Iron 0.0075

Surface tension (N·m−1) Silicone oil 0.021 Copper slag 0.32
Water 0.072 Iron 1.6

Fig. 1   Geometry and mesh 
model of the reactor
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where p is the pressure; �⃗g is the gravity vector; ρ and μ are 
the density and viscosity of the mixture; F is the interfacial 
tension, and

(4)� =

3
∑

q=1

�q�q

(5)� =

3
∑

q=1

�q�q

where �qr is the interfacial tension between the qth and rth 
phases; c is the curvature of the phase interface.

The energy equation is shared by each phase and the 
equation has the following form.

where T is the temperature; E is the energy, treated as a 
mass-averaged variable; �eff is the effective thermal conduc-
tivity, and

The SST k-ω turbulence model is a hybrid model that 
has been widely used in engineering, retaining the original 
k-ω model in the region near the wall and applying the k-ε 
model in the region away from the wall. svantesson et al. 
[22] applied the SST k-ω model in a study of submerged 
side-blown gas and obtained relatively accurate results. 
The turbulent kinetic energy k and the specific dissipation 
rate ω are obtained from the following transport equations.

where �t is the turbulent viscosity; Gk is the generation of 
turbulence kinetic energy due to mean velocity gradients; G� 
is the generation of ω; Yk and Y� are the dissipation of k and 
ω due to turbulence, respectively; D� is the cross-diffusion 
term; Gb and G�b are the turbulent kinetic energy generated 
by buoyancy.
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Fig. 2   Monitoring planes and monitoring lines in the reactor

Fig. 3   Simulation results of the gas morphology in oil with the dif-
ferent mesh numbers, dn = 3.00  mm, and Fr' = 4948. a 454,217; b 
775,813; c 962,401; d 1,098,014
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where y is the distance to the next surface. The model param-
eters are: �∗

0
= �i

/

3 , �∗
∞
= 1 , �i.1 = 0.075 , �i.2 = 0.0828 , 

�k.1 = 1.176 , ��.1 = 2.0 , �k.2 = 1.0 , ��.2 = 1.168 , a1 = 0.31 , 
Rk = 6 , respectively.

Boundary Conditions and Numerical Methods

The physical properties of the fluids are detailed in Table 1. 
The simulation was based on ANSYS Fluent. The inlet and 
outlet were mass flow rate inlet and pressure outlet, respec-
tively. The criterion of modified Froude number Fr' equality 
determined the gas flow rates for the gas-slag-metal system. 
No-slip wall conditions were used, and standard wall func-
tions were used to treat the flow in the region near the wall. 
The pressure−velocity decoupling was achieved using the 
PISO algorithms. The PRESTO! scheme was used to inter-
polate the pressure values. The Compressive scheme was 
used to track the free surface deformation. The transport 
equations were discretized using the second-order upwind 
scheme for the convective terms. The time step was set to 
5 × 10–5 s. The Patch command was used to define the initial 
three-phase region. The convergence criterion was that the 
residual of energy was less than 1 × 10–6 and the residual of 
other variables was less than 1 × 10–3. Given the higher com-
putational cost, 10 s were simulated for each case. It should 
be noted that the fluid flow in the reactor was approximately 

(14)�2 = max

�

2

√

k

0.09�y
,
500�

�y2�

� periodic and varied drastically within one period. Compar-
ing flow information based on time averaging is more sig-
nificant than that based on transients [13]. Therefore, time-
averaged statistics for important parameters were performed 
at a later stage of the simulation.

where �g and �l are the density of the gas and the density 
of the liquid, kg·m−3, respectively; ug is the gas apparent 
velocity at the nozzle outlet, m·s−1; Qs is the gas flow rate 
of a single lance, m3·h−1; Fr′

a
 is modified Froude number of 

the gas-slag-metal system; Fr′
m

 is modified Froude number 
of the gas-oil–water system.

Results and Discussion

Verification of Experimental and Simulation Results

The key factor in the fluid flow in the reactor is the motion 
state of the side-blown gas. Since the gas mainly affects the 
slag region, the morphology of side-blown gas in oil was 

(15)Fr� =
�gu

2
g

(

�l − �g
)

gdn

(16)ug =
Qs
�

4
d2
n

(17)Fr
�

a
= Fr

�

m

Fig. 4   Experimental and simu-
lated results of the morphology 
of side-blown gas in silicone 
oil, dn = 3.00 mm, t = 1 s. a 
Fr' = 696; b Fr' = 1336; c 
Fr' = 2347; d Fr' = 3635; e 
Fr' = 4948
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studied experimentally and simulated using the air-silicone 
oil system, and experimental and simulated results were 
compared. Figure 4 shows the experimental and simula-
tion results with different Fr' for simulation time t = 1 s and 
dn = 3.00 mm. The materials used in the experiments and 
simulations in Fig. 4 are identical, both air and silicone oil, 
and the operating conditions are also completely identical. 
The simulated results are very close to the experimental 
results for various Fr'. The numerical models also success-
fully simulated the gas expansion phenomenon that occurs 
at higher Fr'. According to the experimental and simulated 
results, the gas penetration depth will become larger with 
increasing Fr'. The gas will gradually appear to expand after 
leaving the nozzle outlet with increasing Fr'. Therefore, the 
comparison results in Fig. 4 show that the numerical model 
used in the current study is reliable.

Surface Morphology of the Slag Phase

Figure 5 shows the variation of the surface morphology of 
the slag with time. It can be seen that the interaction between 
the gas and the slag will become more and more intense with 
time, and the action range of the gas gradually extends to the 
whole surface. Figure 6 shows the surface morphology of the 
slag with various operating conditions. First, it can be seen 
from Fig. 6a–d that the motion state of the slag surface will 
change from a relatively stable state to a highly violent state 
with increasing Fr' as dn = 3.00 mm. The gas action region 
gradually expands from the slag surface above the nozzle to 
the whole surface with increasing Fr'. The violent gas-slag 
interaction causes the liquid surface to gradually splash with 
increasing Fr'. It indicates that the effect of total gas flow 

rate Q on the gas-slag interaction is very significant. Second, 
although Fr' decreases with increasing nozzle diameter when 
the gas flow rate is identical (Q = 97.20 m3·h−1), the slag 
surface motion in all three cases in Fig. 6c, e and f is very 
violent and the difference is not significant. It may be that in 
the high-temperature system, the expansion of the gas is very 
significant, resulting in a more significant splashing when 
it escapes from the surface. Therefore, it caused the surface 
motion to be very violent under all three nozzle diameters.

Figure 7 shows the slag splashing amount with various 
operating conditions. By compiling the User Defined Func-
tion, the slag amount above the slag surface and the total slag 
amount in the reactor are obtained, and the ratio is the slag 
splashing amount. When dn = 3.00 mm, the slag splashing 
amount increases significantly with increasing Fr', indicat-
ing that the gas flow rate is an essential factor affecting the 
splashing. When Q is identical, the slag splashing amount 
will slightly decrease because increasing nozzle diameter 
will lead to decreasing Fr'.

Volume Distribution of the Slag Phase

Figure 8 shows the mean volume fraction of the slag phase 
at the monitoring plane x = 0 with various operating condi-
tions. First, the motion of the gas and slag has a relatively 
weak effect on the metal phase under the current operat-
ing conditions. The slag-metal interface is very stable. 
The motion of the gas affects mainly the middle and upper 
regions of the slag layer. Second, Fig. 8a–d shows that the 
distribution range of the mixed phase of gas and slag (the 
green area in Fig. 8) gradually increases with increasing 
Fr' as dn = 3.00 mm. The mixed phase distribution region 

Fig. 5   Variation of the surface morphology of the slag with time, dn = 3.00 mm and Fr' = 2347. a t = 0.5 s; b t = 1.0 s; c t = 1.5 s; d t = 2.0 s; e 
t = 2.5 s
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gradually expands downward to the middle of the slag layer 
and upward above the initial liquid surface (z = 0.50 m) 
of the slag layer with increasing Fr', respectively. Third, 
Fig. 8c, e and f show that although Q is identical, decreas-
ing dn leads to an increase in Fr', which causes the mixed 

phase distribution region to gradually expand. Fourth, Fig. 8 
also shows that increasing Fr' or decreasing dn also causes 
increasingly intense splashing on the slag surface.

Figure 9 shows the mean volume fraction of the slag 
phase at the monitoring planes in the z-direction with 

Fig. 6   Surface morphology of the slag. a dn = 3.00  mm, Fr' = 696; b dn = 3.00  mm, Fr' = 2347; c dn = 3.00  mm, Fr' = 4948; d dn = 3.00  mm, 
Fr' = 7228; e dn = 3.75 mm, Fr' = 1621; f dn = 4.50 mm, Fr' = 652



1041Journal of Sustainable Metallurgy (2023) 9:1033–1049	

1 3

various operating conditions. First, since the main region of 
gas action is the middle and upper regions of the slag layer, 
the mean volume fraction of the slag phase at the monitor-
ing plane z = 0.45 m and z = 0.50 m will decrease. Second, 
Fig. 9a–d show that when dn is identical, the gas distribution 
in the slag will gradually expand to the monitoring plane 
z = 0.40 m as Fr' increases from 696 to 7228. It indicates that 
when dn is identical, increasing Fr' is essential to improve the 
action range of gas and the interface area, as well as acceler-
ate the reaction between gas and slag. Third, the distribution 
of the streamlines in Fig. 9a–d shows that the vortex motion 
driven by the submerged side-blown gas can be generated in 
the slag as Fr' increases, and the vortex motion will become 
more and more significant with increasing Fr'. Figure 10a 
shows the streamlines and the mean volume fraction of oil 
at the monitoring plane in the z-direction as Fr' = 4948 for 
the gas-oil–water system. Figure 9c and Fig. 10a show that 
when Fr' is identical, the vortex motion generated in the 
gas-oil–water system will be more significant compared to 
the gas-slag-metal system. The generation of vortex motion 
mainly depends on the gas penetration behavior in the hori-
zontal direction, while the gas jet penetration behavior in the 
gas-oil–water and gas-slag-metal systems is significantly dif-
ferent. Figure 9c and Fig. 10a show that the gas penetration 
depth in oil is significantly greater than that in slag when Fr' 
is identical at the monitoring plane z = 0.40 m. The reason 
for this phenomenon is certainly related to the difference in 
physical properties between slag and oil, but the main reason 

seems to be related to the expansion of the gas at high-tem-
perature conditions. In the gas-slag-metal system, the gas is 
injected into the melt and will expand due to the increase 
in temperature. Compared with the gas-oil–water system, 
the initial kinetic energy will be converted into buoyancy 
energy more quickly in the gas-slag-metal system, resulting 
in a smaller gas penetration depth. Therefore, although Fr' 
is identical, the gas-oil–water system more easily forms a 
vortex flow compared to the gas-slag-metal system. Fourth, 
Fig. 9c, e and f show that decreasing dn will increase Fr' for 
the identical Q, causing vortex flow in the slag to be more 
easily generated.

Figure 11 shows the horizontal penetration depth of gas 
with various operating conditions. The gas penetration depth 
is determined by the state of the phase distribution of the 
gas jet in the vertical plane where the lance is located and 
is bounded by a contour with a gas volume fraction of 0.5. 
First, the penetration depth of the side-blown gas gradually 
increases with increasing Fr'. Second, although Q is identi-
cal, the penetration depth of the side-blown gas is gradually 
decreasing because the increasing dn leads to the decreasing 
Fr'. In summary, the generation of vortex flow in the reac-
tor is mainly dependent on the penetration behavior of the 
side-blown gas. Therefore, appropriately increasing Fr' can 
increase the gas penetration depth, which in turn can better 
promote the generation of vortex flow.

Velocity Fields

Figure  12 shows the mean velocity distribution at the 
monitoring planes in the z-direction with various operat-
ing conditions. First, the mean velocity distribution at the 
monitoring plane z = 0.35 m (slag below the lance) is small 
when Fr' is identical, indicating that the effect of the gas 
on the slag below the lance is relatively weak. The mean 
velocity distribution becomes increasingly larger and more 
uniform with increasing z. The region with the largest mean 
velocity (the red region with mean velocity ≥ 1.0 m·s−1) is 
in the motion region of the main body of the gas. The mean 
velocity gradually decreases from the red region to the out-
side, and the closer to the reactor center the mean velocity 
decreases. Second, Fig. 12a–d shows that the mean velocity 
distribution in the upper and middle regions of the slag layer 
(z > 0.35 m) becomes more and more uniform with increas-
ing Fr' when dn = 3.00 mm, indicating that increasing Fr' is 
very significant for strengthening the gas-slag interaction in 
the upper and middle regions of the slag layer. From the per-
spective of the distribution of the velocity vector, the vortex 
flow is gradually formed in the slag layer with increasing 
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Fig. 7   Slag splashing amount. a dn = 3.00  mm, Fr' = 696; 
b dn = 3.00  mm, Fr' = 2347; c dn = 3.00  mm, Fr' = 4948; d 
dn = 3.00 mm, Fr' = 7228; e dn = 3.75 mm, Fr' = 1621; f dn = 4.50 mm, 
Fr' = 652
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Fr'. It is fully indicated that a larger Fr' is significant for the 
generation of vortex flow. Figure 10b shows the mean veloc-
ity distribution at the monitoring plane in the z-direction as 
Fr' = 4948 for the gas-oil–water system. A comparison of 
Fig. 10b and Fig. 12c shows that although Fr' is identical, 
the expansion of the gas under high-temperature conditions 
leads to a significant difference between the vortex flow 
generated in the gas-slag-metal system and that generated 
in the gas–oil–water system. The main difference is that 
the velocity distribution of the vortex flow generated in the 
gas–oil–water system is more uniform and the vortex flow 
is more significant. It is a significant difference between the 
simulation results for the gas-oil–water and gas-slag-metal 

systems. Third, Fig. 12c, e and f show that decreasing dn 
leads to an increase in Fr' for the identical Q, allowing a 
more significant vortex flow to be generated in the slag.

The relative standard deviation of the velocity indicates 
the mixing uniformity in the middle and upper regions of 
the slag layer [40]. Figure 13 shows the relative standard 
deviation of the velocity of the region between the monitor-
ing plane z = 0.40 m and z = 0.50 m with various operating 
conditions. By compiling the User Defined Function, the 
relative standard deviation of velocity is obtained. When 
dn = 3.00 mm, the relative standard deviation of velocity 
gradually decreases with the increasing Fr', and the mix-
ing uniformity increases. When Q is identical, the relative 

Fig. 8   Mean volume fraction of 
the slag at the monitoring plane 
x = 0. a dn = 3.00 mm, Fr' = 696; 
b dn = 3.00 mm, Fr' = 2347; 
c dn = 3.00 mm, Fr' = 4948; 
d dn = 3.00 mm, Fr' = 7228; 
e dn = 3.75 mm, Fr' = 1621; f 
dn = 4.50 mm, Fr' = 652
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Fig. 9   Mean volume fraction 
of the slag at the monitor-
ing plane in the z-direction. 
a dn = 3.00 mm, Fr' = 696; b 
dn = 3.00 mm, Fr' = 2347; c 
dn = 3.00 mm, Fr' = 4948; d 
dn = 3.00 mm, Fr' = 7228; e 
dn = 3.75 mm, Fr' = 1621; f 
dn = 4.50 mm, Fr' = 652
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standard deviation of velocity will gradually increase and the 
mixing uniformity will decrease because increasing nozzle 
diameter will lead to decreasing Fr'.

Figure 14 shows the mean velocity distribution at the 
monitoring lines. First, the mean velocity shows a dou-
ble-peaked state with increasing x. The peaks of veloc-
ity appear at the position where the main body of the gas 
passes, and the closer to the reactor center (x = 0 m), the 
smaller the mean velocity of the fluid. Second, the peak 
of the mean velocity becomes lower with increasing z, but 
the mean velocity at the position close to the reactor center 
will increase. It means that the motion of the upper region 
of the slag phase is greatly affected by the gas. Third, the 
mean velocity on the monitoring lines is increasing with 
the increasing Fr' when dn = 3.00 mm. Fourth, Increasing 
dn leads to a decrease in Fr' for the identical Q, so the mean 
velocity (particularly at z = 0.45 m) decreases gradually with 
increasing dn.

Distribution of Shear Stress on the Side Wall

Figure 15 shows the mean shear stress on the side wall 
with various operating conditions. First, the shear stress 
is mainly present on the lining of the slag layer, since the 
gas mainly affects the upper and middle regions of the slag 
layer. Therefore, the lining in the region above the lance 
is more easily eroded. Second, Fig. 15a–d shows that the 

Fig. 10   a Mean volume frac-
tion of the oil at the monitor-
ing plane in the z-direction, 
dn = 3.00 mm, Fr' = 4948; b 
Mean velocity distribution at 
the monitoring plane in the 
z-direction, dn = 3.00 mm, 
Fr' = 4948
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Fig. 11   Horizontal penetration depth of gas. a dn = 3.00  mm, 
Fr' = 696; b dn = 3.00 mm, Fr' = 2347; c dn = 3.00 mm, Fr' = 4948; d 
dn = 3.00 mm, Fr' = 7228; e dn = 3.75 mm, Fr' = 1621; f dn = 4.50 mm, 
Fr' = 652
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Fig. 12   Mean velocity distribu-
tion at the monitoring plane in 
the z-direction. a dn = 3.00 mm, 
Fr' = 696; b dn = 3.00 mm, 
Fr' = 2347; c dn = 3.00 mm, 
Fr' = 4948; d dn = 3.00 mm, 
Fr' = 7228; e dn = 3.75 mm, 
Fr' = 1621; f dn = 4.50 mm, 
Fr' = 652
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erosion of the furnace lining becomes more and more seri-
ous with increasing Fr' when dn = 3.00 mm. It indicates that 
with increasing Fr', the liquid surface and splashing amount 
will continuously rise, while the motion of the slag layer 
becomes increasingly violent, resulting in increasingly seri-
ous erosion of the furnace lining. Third, Fig. 15c, e and f 
show that although Q is identical, increasing dn leads to a 
decrease in gas penetration depth, which causes the gas-slag 
interaction near the lining to be more violent and increases 
the shear stress.

Conclusions

In this paper, a preliminary numerical simulation was per-
formed for the multiphase flow in a side-blown vortex smelt-
ing reduction reactor. The effects of nozzle diameter dn and 
modified Froude number Fr' on the multiphase interactions 
were investigated. Information on the multiphase flow was 
obtained and the feasibility of the gas-driven slag to gener-
ate vortex flow was verified. The main conclusions are as 
follows.

(1)	 When dn is identical, the motion of the slag surface 
will become increasingly intense and the slag splash-
ing amount will increase significantly with increas-
ing Fr'. When dn is identical, the distribution range 
of the mixed phase of gas and slag will be extended 
downward to the middle of the slag layer and upward 
to above the initial slag surface with increasing Fr', 
respectively. The generation of vortex flow is related 
to the gas penetration behavior. When dn is identical, 
with increasing Fr', the gas penetration depth increases 
and the slag gradually forms a vortex flow driven by the 
side-blown gas. When dn is identical, with increasing 
Fr', the erosion of the furnace lining will become more 
and more serious.

(2)	 When Q is identical, Fr' increases as dn decreases, caus-
ing the slag splashing amount will slightly increase, 
and the distribution range of the mixed phase of gas and 
slag will gradually expand. When Q is identical, the gas 
penetration depth increases with decreasing dn, causing 
the slag to form a vortex flow more easily. When Q is 
identical, increasing dn will lead to a decrease in gas 
penetration depth, which causes the gas-slag interaction 
near the furnace lining to be more intense and increases 
the erosion of the furnace lining.

(3)	 For constant dn and Fr', the gas-oil–water system forms 
a vortex flow more easily than the gas-slag-metal sys-
tem. It is related to the difference in physical properties 
between slag and oil as well as the expansion phenom-
enon of gas at high-temperature conditions.
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