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The effects of different arrangements of bottom tuyeres with different gas flow rate were investigated to measure the 
mixing time of the 210t converter by physical model experiments, while the corresponding numerical simulation was 
performed by using volume of fluid (VOF) model to predict the gas-liquid flow characteristics inside the converter 
bath. The bottom tuyere was arranged symmetrically at the trunnion reference line in 1:9.43 scaled-down BOF con-
verter and different water model experiments were performed. The optimized bottom tuyere arrangements were inve-
stigated according to the deviation of mixing time, which was reduced by 27%, 17.44% and 22% in case of B2, A1 and 
C2 schemes respectively than the prototype scheme X in the combined blowing converter. The percentage volume 
analysis of molten steel with different velocities has reasonable evaluation for the optimization of the flow field inside 
the converter bath. The numerical simulation results were consistent with the physical model results indicating that the 
optimized bottom blowing arrangements have a great impact on the flow of molten steel.
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INTRODUCTION
Top-bottom Combined blown technology is used for the 
efficient mixing in basic oxygen furnace (BOF). The appli-
cation of combined blowing is of great importance which 
leads to homogenize the temperature and composition of 
the converter bath by the effective slag-metal interaction 
and the better yield. The top lance configuration, the gas 
flow rates and the bottom tuyeres configuration are in-
vestigated parameters of decisive importance for better 
mixing in the metal bath to improve steel quality and plant 
productivity[1]. Several researchers have carried out the 
optimization of bottom tuyeres for a given set of para-
meters to achieve better mixing in the converter bath[2-4]. 
Experimental[5,6] and numerical[7,8] studies were performed 
to investigate the gas-liquid two phase flow and the gas 
induced mixing behavior. Physical and mathematical mo-
dels were used to simulate the combined blowing in the 
converter. In some cases, the results of the computational 
model and experimental observations had a good agree-
ment with each other. Among the several bottom tuyeres 
arrangements, the one having eight tuyeres placed on the 
symmetric non-equiangular position was found the best 
with respect to mixing in the bath. Quiyoom studied the 
gas-liquid flow and mixing time for the optimization of 
bottom tuyere configuration with cold flow experimen-
ts in 6:1 scaled-down BOF converter. He performed 3D 
transient Euler-Lagrange (EL) simulation to investigate the 
static and dynamic differential flow schemes[9]. Singh et 

Liqiang Zhang, Naqash Ali, Chaojie Zhang, 
Aonan Zhao 

  School of Metallurgical Engineering, Anhui University of Technology, 
Ma’anshan 243002, China - naqash.sanaullah322@gmail.com

Wei Zhang, Benliang Zhang, Wei Ouyang 
  Jiangyin China Resources Steelmaking limited company; Ningbo Steel 

Limited Company - kuangbiao_juan@163.com 

presentazione
La XV edizione delle Giornate Nazionali sulla Corrosione e Protezione si terrà in presenza a Torino nei giorni 5, 6 e 7 luglio 2023, presso 
il Politecnico di Torino. 
Le Giornate rappresentano l’evento di riferimento a livello nazionale per la discussione ed il confronto sulle questioni scientifiche, 
tecnologiche e produttive, nell’ambito della corrosione e protezione dei materiali. In particolare, il Convegno prevede la presentazione 
dei risultati raggiunti da vari gruppi di studio e da numerose aziende del settore, in forma orale e poster.

aree tematiche principali
• Corrosione delle strutture metalliche esposte all’atmosfera
• Corrosione e protezione delle reti idriche interrate
• Corrosione negli impianti industriali
• Protezione catodica: progettazione, collaudo, gestione e monitoraggio
• Comportamento a corrosione di leghe di titanio, nichel e acciai inossidabili
• Corrosione delle opere in calcestruzzo armato
• Corrosione dei beni culturali
• Corrosione negli impianti Oil & Gas
• Degrado e rilascio dei biomateriali metallici
• Rivestimenti e trattamenti superficiali
• Inibitori di corrosione
• Impatto delle nuove tecnologie produttive sulla corrosione
• Tecniche di studio e monitoraggio della corrosione
• Meccanismi di corrosione
• Case histories

 EDIZIONE  ANNO  SEDE
 · I ·  1992 Milano
 · II ·  1994 Milano
 · III ·  1996 Milano
 · IV ·  1999 Genova
 · V ·  2002 Bergamo
 · VI ·  2005 Senigallia
 · VII ·  2007 Messina
 · VIII ·  2009 Udine 
 · IX ·  2011 Monte Porzio Catone
 · X ·  2013 Napoli
 · XI ·  2015 Ferrara
 · XII ·  2017 Milano
 · XIII ·  2019 Palermo
 · XIV ·  2021 Torino (online)
 · XV ·  2023 Torino

XIV edizione

Torino, 5-6-7 luglio 2023

www.aimnet.it/gncorrosione

Evento patrocinato da

giornate nazionali

Torino 2023e protezione
corrosione

le edizioni
spazio aziende e sponsorizzazione
Le aziende interessate alla sponsorizzazione dell’evento o ad uno 
spazio per l’esposizione di apparecchiature, la presentazione dei 
servizi e la distribuzione di materiale promozionale, potranno 
richiedere informazioni dettagliate alla Segreteria AIM.

segreteria organizzativa

Via Filippo Turati 8 · 20121 Milano
t. +39 0276021132 · +39 0276397770
info@aimnet.it · www.aimnet.it/gncorrosione

presentazione di memorie
Gli interessati a presentare memorie scientifiche dovranno inviare entro il 30 novembre 2022, il titolo della memoria, i nomi degli 
autori con relative affiliazioni ed un breve riassunto.
Le memorie potranno essere proposte:
- compilando il form online presente sul sito dell’evento: 
 www.aimnet.it/gncorrosione
- inviando il riassunto e tutte le informazioni richieste 
 a mezzo e-mail: info@aimnet.it

Premio Cecilia Monticelli
L’AIM - Associazione Italiana di 
Metallurgia bandisce un premio 
riservato a studenti di dottorato 
o titolari di borsa o assegno Post 
Doc. 
Per l’edizione 2023 il Comitato 
Tecnico Corrosione dell’Associazio-
ne Italiana di Metallurgia ha deciso 
di intitolare il premio alla memoria 
della Prof.ssa Cecilia Monticelli, 

Università di Ferrara, come riconoscimento alla 
sua attività di ricerca nei settori della corrosione 
industriale e del patrimonio culturale. 
Ulteriori dettagli sono disponibili sul sito dell’evento.



La Metallurgia Italiana - Ottobre 2022 pagina 86

Attualità industriale - Industry news

al. performed water model experiments and mathematical 
modelling (discrete phase analysis) to optimize the bottom 
tuyeres parameters in combined blowing and observed 
the minimum mixing time at a PCR of 0.56, with gas flow 
rate of 50 lpm[10]. Zhou proposed a scheme in which bot-
tom tuyeres were asymmetrically arranged. He employed a 
mathematical model to study the characteristics of the flow 
field, compared the existing and new scheme with respect 
to mixing and turbulence, whose results showed that the 
new scheme had a better mixing in the bath[11].  A mathema-
tical model, combination of the volume of fluid (VOF) and 
discrete phase model (DPM) was established to study the 
gas-liquid flow in BOF converter. Three bottom tuyeres 
placed at a diameter of 0.3-0.4 from the centre of the bot-
tom have high mixing efficiency than the case of two or four 
tuyeres[12]. The jet penetration and Thyssen Blowing Metal-
lurgy (TBM) tuyeres configuration on the behavior of the 
metal bath were defined by using visual inspection and ca-
lorimetry method in order to study the combined blowing 
through cold model[13]. The asymmetric bottom tuyere 
configuration in combined converter was used for the opti-
mization of bottom blowing and the results of physical mo-
delling experiments showed that the shorter mixing time 
was obtained in case of asymmetric configuration than the 
symmetric bottom tuyere configuration[14]. Wentao et al. 
studied the inclusion behavior and mixing efficiency with 
different layout of tuyeres. Shorter mixing time and higher 
inclusion removal were obtained by dual blowing as com-
pared to centric and eccentric blowing by using one tuye-
res[15]. Eulerian multiphase models were used to investiga-
te the effects of flow rate and bottom tuyeres configuration 
on the molten steel flow in the bath for better stirring effi-
ciency[13-14]. Thaker et al. investigated the effects of combi-
ned gas blowing and sloshing interface on the dynamics of 
gas–liquid flow and the liquid–phase mixing by performing 
the PIV and PLIF measurements in a 1:6 scaled down ves-
sel. In the cases of combined blowing, the additional ener-
gy was provided by top blowing, resulting in the increased 
vertical molten velocity fluctuations and the relevant tur-
bulent kinetic energy at the upper vessel region[17]. Quiyo-
om investigated the effect of pitch-to circle-diameter ratio 

(PCD) on the gas-liquid flow and mixing in the bath. The re-
sults showed that the mixing in the bath was minimum with 
8 tuyeres located at PCD of 0.5[18]. Das et al. investigated the 
effect of dispersed gas bubbles on liquid phase mixing in 
a bottom blowing converter, and the results showed that 
the mixing time decreases with increasing the number of 
tuyeres[19]. 
In this paper, a series of water model experiments were 
performed by using a volume of fluid (VOF) model to in-
vestigate the optimization schemes. The mathematical 
model describes the flow characteristics of molten metal 
inside the converter bath with different bottom tuyere ar-
rangements in case of optimized and prototype schemes. 
The optimized schemes had a shorter mixing time, which 
was reduced to 27 % than the prototype scheme X. Fur-
thermore, the industrial trials were also performed, indica-
ting the uniform mixing in the industrial BOF converter as 
the average [C]%×[O]% was significantly reduced than the 
prototype scheme X.

EXPERIMENTAL 
Water model experiment
Experimental principle
In this study, a 1:9.43 scaled-down BOF converter model 
was constructed to perform the cold flow experiments. 
Water was filled up to 210t level correlated with liquid in 
the actual vessel. The specific dimensions of the converter 
model and actual vessel are listed in Tab. 1. The dynamic 
similarity of the converter model and the prototype was 
ensured by determining the conversion formula between 
model and bottom blowing gas in the actual vessel. The 
Reynolds (Re) number of molten steel flow was found to 
be greater than 5000, which undergoes into self-preserving 
region, and the power of liquid flowing develops due to the 
buoyancy of bubble for the bottom gas stirring. Therefore, 
experiment ensures the similar geometries of the model 
and prototype. The actual Froude number in this experi-
ment was converted to a modified Froude number becau-
se of gas two-phase flow, while the gravity acts as driving 
force.
The modified Froude number is defined as:

1)
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In this formula V is the characteristic velocity (ms-1), H is the 
height (m) of the molten pool in the vessel, ρg and ρl are the 
density of gas and liquid (kg.m-3) and g is the gravitational 

acceleration (ms-2). Gas flow velocity can be expressed as a 
function of gas flow rate as follow:

In the above equation the subscripts ρl, m and ρl, p are the wa-
ter and steel densities, kg. m-3 respectively, ρg, m and ρg, p are 
the standard densities of oxygen and argon respectively, 
kg. m-3, Hm and Hp are the liquid pool heights (m) in con-

verter model and prototype and P0 and T0 are the standard 
pressure (101325 Pa) and temperature (20 oC).
By substituting data into above equation

2)

Where, Q is gas flow volume and d are the nozzle diameter. Equation No.1 become as follow

3)

4)

5)

By (Fr’)m= (Fr’)p

Where, m and p denote model and prototype.

, ,l m atm l m mP P gHρ= +    Bring into the above equation.

6)

7)

Subscripts Qm and QA are the actual gas flow rate and indi-
cator value of flow meter (m3s-1) respectively. The formula 
of Qm is used to calculate the gas flow rate in model. The 
relationship between the gas flow rate at high temperature 

blown into the converter and flow rate under the standard 
condition of bottom blowing controlled at the required 
temperature is as follows:

8)

9)
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Parameters Prototype Model

Ratio 9.43 1

Liquid depth (mm) 1800 190

Top lance height (mm)
No. of bottom tuyeres

1600
8

170
8

Tab.1 - Dimensions of the converter model and prototype.

Experimental setup and mixing time 
The schematic of experimental setup is shown in Fig. 
1(a). The conductivity method was used to investigate the 
mixing time in the converter bath under different bottom 
tuyere arrangements. During the experiment, nitrogen 
was injected into the bath through eight bottom tuyeres, 
arranged symmetrically on the trunnion reference line to 
simulate the argon blowing in the actual process. In the 
previous research reports only one conductivity electro-
de was used[20,21]. However, the conductivity values 
might be changed with the different electrode positions. 
Therefore, in this work three electrodes were placed at 
different positions to ensure the accurate mixing condi-
tions of the solution, and collected the residence time di-
stribution (RTD) curves during 180s as shown in Fig 1(b). 
The conductivity electrodes were calibrated before the 
start of experiment. One conductivity electrode was posi-
tioned into the active zone near the water level, while the 
other two was placed into the stagnant zone near the bot-
tom region and bath walls. Mixing time experiments were 

performed by using stimulus-response method in which 
tracer as 50ml of saturated KCl solution was injected into 
the converter and the electrode was connected to a stan-
dard conductivity meter along DJ-800 acquisition system 
to measure the conductance of the solution. The output 
signal of conductivity meter was recorded through a com-
puter connected A/D converter amplifier. The system was 
considered to be homogeneously mixed when the con-
ductivity of water reaches at a certain permissible range of 
the total mixed concentration. Generally, ∣Ct-C∞∣ ≤ 0.05C∞ 
was taken as the standard with mixing time of t0.95. Each 
experiment was repeated twice for reproducibility of the 
measurements and mixing time was determined accor-
ding to the fluctuation of conductivity, which was not 
exceeded above 5% of the stable state value. Before de-
termining the mixing time, a certain amount of gas was 
stirred into the molten pool to ensure flow stability of the 
entire pool. The definition of mixing time is 95% of mixing 
degree. The mixing time is referred as the time when the 
detected conductance is almost stable. 

Fig.1 - Schematic diagrams: (a) experimental setup, and (b) typical RTD curves at three different positions of 
electrodes.
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Fig.2 - Top-bottom combined blowing converter mesh: (a) overall meshing of converter model, (b, c) top 
blowing jet, and (d, e) bottom blowing tuyeres.

Tab.2 - Investigated schemes with different bottom tuyere's arrangements.

MATHEMATICAL MODEL
To investigate the effects of the converter bottom blowing 
arrangements on the flow of molten steel, the numerical 
simulation of the combined blowing for optimization of 
converter bath was carried out by implementing volume of 
fluid (VOF) model in ANSYS FLUENT 17.1. The volume of 
fluid (VOF) model is well known to be a powerful tool to 
simulate the gas stirring inside the converter bath[22]. The 
slag phase is not considered in the present work due to 

its little effect on stirring behavior of molten bath as con-
sistent with the work of Ersson et al., [23]. The meshing of 
calculation domain in geometrical model for the combined 
blowing converter is shown in Fig. 2. The green and purple 
mesh colors denote the different faces of geometrical mo-
del and were meshed with size of 100 mm and 20 mm for 
the bottom blowing tuyeres and top blowing oxygen inlets 
respectively. Furthermore, the mesh size of the elements 
is selected based on the several mesh refinements.

Bottom tuyeres arrangements
The design plan for the bottom tuyeres layout of four types 
of flow schemes with different gas flow rates is shown in 
Tab. 2. The flow scheme used by the steel industry is named 
as prototype X scheme in which four tuyeres (θ = 70°, 110°, 

250° and 290°) are located at the pitch to circle diameter 
(PCD) of 0.5, while six tuyeres (θ = 50°, 90°, 130°, 230°, 270° 
and 310) located at PCD of 0.8, are compared with different 
experimental bottom blowing schemes in order to investi-
gate the optimized bottom tuyere configuration.  

Schemes
Tuyere's position PCD θ

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 .5 .6 .7 .8

A1 √ √ √ √ √ √ √ √ √ 20/40°

A2 √ √ √ √ √ √ √ √ √

A3 √ √ √ √ √ √ √ √ √

B1 √ √ √ √ √ √ √ √ √ 20°

B2 √ √ √ √ √ √ √ √ √

B3 √ √ √ √ √ √ √ √ √

C1 √ √ √ √ √ √ √ √ √ 25/50°

C2 √ √ √ √ √ √ √ √ √

C3 √ √ √ √ √ √ √ √ √

X
√ √ √ √ √ √ √ 25°

√ √ √ √ √
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Basic assumptions
The molten steel in the converter exhibits a complex tur-
bulent flow. In order to establish the volume of fluid (VOF) 
model for the top and bottom of the converter, the basic 

assumptions are: 1) molten steel is a Newtonian fluid; 2) 
molten steel does not chemically react with the gas; 3) the 
top and bottom blowing gases are incompressible gases, 
and 4) assume the boundary as a non-slip boundary. 

Basic assumptions
     The molten steel in the converter exhibits a complex turbulent flow. In order to establish the volume of fluid (VOF) 
model for the top and bottom of the converter, the basic assumptions are: 1) molten steel is a Newtonian fluid; 2) 
molten steel does not chemically react with the gas; 3) the top and bottom blowing gases are incompressible gases, 
and 4) assume the boundary as a non-slip boundary. 

Control equation
The multiphase flow inside the converter bath was simulated by VOF model and the control equations are stated as 
follow[22,24,25].
 (1)  Equation of continuity 

Where, ρ is the density of liquid steel (kgm-3), ui is the velocity of the molten steel in the ith direction (ms-1) and t is 
the time (s).
(2)  Equation of the momentum conservation

Where P is the pressure (Pa), μeff  is the effective dynamic viscosity (Pa.s), FB is the buoyancy term.
(3)  Volume function equation
Volume function equation is used to simulate the gas two-phase flow.

In the formula, F is a volume function and F=1 represents a molten steel full state, when 0 < F < 1 represents a free 
surface and F = 0 represents the state without molten steel.

10)

11)

12)

Boundary Conditions
 (1)  Top blowing boundary conditions
According to the top flow rate of 38000 m3/h and the ge-
ometrical size of oxygen lance (selected based on the se-
veral mesh refinement), the gas velocity at the outlet of 
the top lance was 780 ms-1. The pressure at the exit of the 
top jet was 1 × 105 Pa.

 (2)  Bottom blowing boundary conditions
According to the bottom blowing flow rate of 500 m3/h 
and the geometrical size of bottom tuyeres, the gas flow 
rate at the outlet of the 10 bottom tuyeres was 0.563 ms-1 
but for 8 tuyeres it was varied to 0.704 ms-1. The pressure 
at the exit of the bottom tuyeres was 1.1 × 106 Pa.
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RESULTS AND DISCUSSION
Water model results
Effect of gas flow rates and tuyere's configurations on 
mixing time 
The bottom tuyere's configuration has a crucial role on 
the mixing time of converter bath, as the mixing time de-
creases with increasing the number of tuyeres and gas 
flow rate[26,27]. In the present work, four types of blowing 
schemes (A1, B2, B3, and C2) with gas flow rate of 600 
m3/h are considered based on the total mixing time in 
the converter bath during bottom and combined blowing. 
The bottom tuyeres were separated with different angles 
at different PCD as show in Fig. 3. The six gas flow rates of 
150, 600, 700, 800, 900 and 1000 m3/h with changing bot-
tom tuyere's setup from PCD of 0.5 to 0.7 did a good job to 
investigate the optimized bottom tuyere's configuration 
as compared with prototype scheme X. The mixing time 
was increased with minimum and maximum gas flow rates 
of 150 m3/h and above 800 m3/h respectively as shown in 
Fig. 4. However, the lowest mixing time was obtained at 
flow rates of 600-800 m3/h with tuyere's setup at different 
PCD. Renato et al. found that the increase in gas flow rate 
does not diminish the degree of homogenization in the 
ladle for configurations involving one gas injection, which 
is contrary to the logic regarding the energy state of the 
system[28]. The mixing time was increased up to a critical 
value of gas flow rate and remained constant or slightly in-
creased beyond the critical value, which is the function of 
angles between tuyeres[25], and nature of flow distribution 
pattern inside the converter bath[29]. Therefore, gas flow 
rate from 600-800 m3/h is considered as the critical value 
to further choose the optimization schemes based on the 
total mixing time in converter bath. In case of prototype X 
scheme, the mixing time was larger at the walls and center 
of the converter bath than all other investigated schemes. 
Furthermore, ten bottom tuyeres were placed at PCD of 
0.5 and 0.8 in prototype scheme X, while the eight tuye-
res were used in all other schemes. It can be inferred that 
the number of tuyeres has not major influence on mixing 
time; rather the configuration is much important. Wu et 
al. found that the different configurations of bottom tuye-
res have a great influence on the mixing behavior of the 
molten steel than the number of tuyeres[8]. The different 
bottom blowing arrangements have decisive role on the 

mixing behavior at the converter walls, which is the fun-
ction of close proximity of bottom tuyeres and the nature 
of induced flow pattern inside the converter bath. The high 
proportion of stirring is observed at the center of conver-
ter in all cases. The mixing behavior at the walls and center 
of converter bath is further verified by simulation resul-
ts of velocity distribution in the following section.  Fig. 
5 shows the total mixing time with only bottom blowing 
and combined blowing processes, which reveals that in 
the case of top-bottom combined blowing the mixing 
time of the water model was longer than the only bottom 
argon blowing. The possible reason for the greater mixing 
time was that the top blowing oxygen and the bottom 
blowing argon were opposite to each other and a part of 
momentum remained offset. The stirring kinetic energy 
was significantly consumed by the top blowing jet, whi-
ch results in the increase of mixing time. The top blowing 
gas leads to the cavity formation on the liquid surface. The 
top blown gas jet and the bottom blowing plume increa-
ses the gas velocity at the rim of the cavity, which causes 
the heavier spitting and lowers the energy distribution in 
the blowing converter[30]. Furthermore, a rough and po-
sitive correlation was investigated between the liquid/li-
quid and gas/liquid mass transfer rates by a wide range of 
top and bottom blowing gas flow rates[31]. From moving 
PCD of 0.5 to 0.7, the mixing time decreases for case B 
in than all other cases in combined and bottom blowing, 
due to close proximity of bottom tuyeres, which are se-
parated by the angles of 20°. Therefore, mixing time was 
reduced by 27% in the case of B2 scheme as compare to 
prototype scheme X. In case of schemes A1, B1, C1 and 
X the bottom tuyeres are located at the PCD of 0.5 below 
the top oxygen jet. Therefore, an interacting flow pattern 
is developed which significantly reduced the mixing effi-
ciency. Li et al. found that the mixing time decreases with 
increasing gas flow rate from bottom tuyeres beneath the 
top blowing jet due to the momentum loss by the colli-
sion of bottom blowing plumes and top blowing gas[16]. 
The prototype scheme X has the total mixing time of 77 
sec, which was reduced by 35-44% in case of investigated 
schemes B2, B3, A1 and C2 during pure bottom blowing. 
The design scheme B with eight bottom tuyeres located at 
the pitch to circle diameter (PCD) of 0.6 and 0.7 (for B2 and 
B3 respectively) and have the better mixing time than A1, 
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A2, and C2 schemes. It can be observed that the from Fig. 
5, that the design scheme B2 have the optimal solution 

of mixing time in case of combined and bottom, while A1 
and C2 can be referred as optional optimization schemes.

Fig.3 - Schematic of different bottom tuyeres layout consider in the present study: (a-d) schemes  B2, A1, B3 
and C2 respectively.

Fig.4 - Relationship between mixing time and gas flow rates: (a-c) schemes A1, A2, and A3, (d-f) schemes B1, 
B2, and B3, (g-i) C1, C2, and C3 (j) prototype scheme X.
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Fig.5 - Mixing time results inside the water model during combined and bottom blowing.

RESULTS OF MATHEMATICAL MODELING
Characteristics of molten pool and velocity distribu-
tion by prototype scheme X
In case of prototype scheme-X, the gas-liquid interfa-
ce at the cross-section of X=0 and Z=0 in the converter 
bath is shown in Fig. 6 (i) and liquid interface fluctuation 
caused by the combined blowing was observed. The ve-
locity distribution of molten steel at the cross section of 
X=0 and Z=0 was compared, which exhibited the different 
flow characteristics. Gas flows from the bottom tuyeres 
into the molten pool, which drives the molten steel to the 
upward direction during the ascending motion of gas. The 
velocity of molten steel is distributed within 0-1 ms-1, whi-
ch is non-uniform in the entire molten pool and has mul-
tiple turbulent eddies. Overall, greater the flow of molten 
steel towards the upper part of the converter, greater will 
be the velocity at the gas-liquid interface. The four bottom 
tuyeres located beneath the top blowing jet at PCD of 0.5 
are separated with greater angles in case of scheme X, and 
consumed a high fraction of stirring kinetic energy due to 
the collision of top blowing gas and bottom blowing bub-
bles, resulting in the low circulation area at the center of 
the molten pool as can be seen in Fig. 6 (ii). The six tuye-
res located at PCD of 0.8 also induced low-velocity distri-
bution at the walls of the converter due to wall friction. 
Therefore, the region between gas flow line and both si-
dewalls of the converter was covered by a large number of 
circulation paths and the entire molten pool was divided 
into independent flow regions which strongly affect the 

mixing uniformity. Therefore, the molten steel undergoes 
severe turbulence due to the combined blowing, which 
promotes uniformity of composition and temperature of 
the molten steel. However, there was still a certain region 
where the velocity and convection exchange with other 
regions was small. The velocity distribution at different 
cross sections in the converter is shown in Fig. 7. The gas 
flow rate is distributed within 10-60 ms-1, which is much 
larger than the flow rate of molten steel. The flow of gas 
is turbulent in the gas phase region which drives the mol-
ten steel to the gas-liquid interface. As can be seen in Fig. 
7 (ii), there are specific regions with less velocity and di-
spersed gas flow, which affects the mixing efficiency of 
the entire molten pool due to multiple independent plu-
me regions. Therefore, scheme X has the low gas flow rate 
by the bottom blowing tuyeres, which decline the stirring 
of converter bath, as a result mixing time of the converter 
bath was increased.
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Fig.6 - Contours of molten steel velocity for Scheme X, (a) at section X=0, and (b) at section Z=0, (i) gas-liquid 
interface fluctuation, (ii) velocity line distribution, ms-1, and (iii) liquid steel flow vector distribution at section 

Z=0, ms-1, partial magnification.

Fig.7 -(i) Streamline distribution of gas phase, scheme X, (a) section X=0, and (b) section Z=0. (ii) gas-phase flow 
vector distribution, scheme X, section Z=0, (a) overall view, and (b) partial magnification.

Comparison of velocity distribution in the 
longitudinal section of the molten pool 
The velocity distribution of molten steel in the longitudi-
nal section of the molten pool for X=0 and Z=0 in different 
combined blowing schemes is shown in Fig. 8. The top 
blowing oxygen has a significant impact on the bath stir-
ring; as a result cavity was formed with velocity of 1 ms-1. 
The top and bottom blowing interaction with increasing 
distance of bottom tuyeres to the converter center le-
ads to the greater cavity depth at gas-liquid interface as 
shown in Fig. 8a. The gas bubbles blowing upward drives 
the molten steel around it, which exhibits the strong tur-
bulent circulation at the center due to the flow field of nei-
ghboring tuyeres. The shape of cavity confirms the direct 
contact area between top blowing oxygen and liquid ste-

el, which simultaneously affects the molten metal flow[32]. 
The increasing number of tuyeres in prototype scheme 
X will have more splashing phenomenon and a non-ho-
mogeneous velocity distribution region will be formed 
in the molten pool in prototype scheme, while this effect 
was less in case of other investigated schemes with eight 
bottom tuyeres. The circulation of molten steel is mainly 
from bottom tuyeres towards the impinging cavity in case 
of B2, B3 and A2 schemes, which significantly improves 
the velocity distribution of liquid steel inside the con-
verter bath. Furthermore, the flow field of inverted cone 
shape is much prominent in case of scheme B2 and B3, 
in which eight tuyeres are located at PCD of 0.6 and 0.7 
respectively and the adjacent tuyeres are separated by an 
angle of 20°. But there is also a small region of low veloci-
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ty between the bottom tuyeres and the wall of the conver-
ter as shown in Figure 8 (b, c). The smaller angle between 
the tuyeres leads the bubble plume to the centre of the 
combined blowing converter and the circulation between 
the bubble plumes and the wall of the converter becomes 
weak[12]. The flow field can also be hindered by the wall of 
the converter in scheme B3 due to less distance betwe-
en converter wall and the tuyeres located at PCD of 0.7. 
The tracer was spread symmetrically in the converter bath 
owing to the symmetric flow behavior in both schemes. 
Both have also better velocity distribution at the centre 
of converter bath than X scheme due to the concentrative 
bottom tuyeres arrangement and also the stirring kinetic 
energy was not consumed by the top jet due to combined 

effect of closely packed bottom tuyeres. The concentra-
tive bottom tuyeres arrangements can reduce the barrier 
to the mixing and decrease the bath mixing time[14]. The 
arrangement of eight bottom tuyeres (at PCD of 0.5) and 
the converter center are much close in case of A1. There-
fore, high-velocity distribution occurred at the centre of a 
converter than all other schemes. The kinetic energy was 
consumed by the collision of top blowing gas and bottom 
blowing bubbles, resulting in less velocity distribution 
at the walls. The increasing flow rate weakens the impe-
ding force of sidewall and improve the stirring effect of 
the molten bath in eccentric bottom tapping region, whi-
ch would decrease the mixing time and also improve the 
stirring ability[33].                

Fig.8 - Contours of velocity distribution in the longitudinal section of molten pool at X=0 and Z=0 by different 
bottom blowing schemes, a) X (prototype), b) B2, c), B3, d) A1, and e) C2.

Effects of different bottom blowing schemes on the 
volume fraction of molten steel 
The volume fraction of molten steel at different velocity 
ranges can make a reasonable evaluation for the optimi-
zation of flow field inside the converter bath. Fig. 9 shows 
the percentage volume distribution of molten steel at 
low-velocity regions along horizontal axis under different 
bottom blowing arrangements. The ideal optimal scheme 
will be that in which the corresponding curves of molten 
steel volume have the highest fraction, for example, at dif-
ferent velocities, the ideal optimization scheme would be 

that in which the volume ratio of molten steel is greater, 
but in the actual situation the ideal scheme does not exist. 
At the low-velocity ranges of 0-0.8 ms-1, the volume ra-
tios for different schemes have a great fluctuation, but at 
higher velocity the volume ratio increases and it remain 
constant for each bottom blowing scheme as can be seen 
in Fig. 10. The volume ratios are greater in case of scheme 
X and C2 in bottom blowing case, but it changes signifi-
cantly in case of the combined blowing converter. The 
greater number of bottom tuyeres increases the oscilla-
tion of the converter pool than the other schemes with 
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eight tuyeres in the absence of top blowing. The same 
situation can be seen in scheme C2 in which the bottom 
tuyeres were separated by greater angles and each tuyere 
participated individually for the stirring of its correspon-
ding region. In all studied cases, the concentrative bottom 
tuyeres have not special effect for velocity distribution 
due to their combined effect in pure bottom blowing con-
verter. The interaction between top blowing oxygen and 
bottom blowing argon increases or decreases the stirring 
of the molten pool, which depends on the gas flow rate, 

bottom tuyere arrangements and top lance height. From 
above analysis, it can be inferred that the symmetrical and 
concentrated bottom tuyere arrangements will be more 
beneficial for the efficient velocity distribution in the con-
verter bath, as its effect can be avoided by the momentum 
transfer from the top jet. The loss in stirring kinetic ener-
gy can be reduced in the combined blowing converter by 
adjusting the bottom tuyeres at a suitable pitch to circle 
diameter like in the A1, B2 and B3 schemes.

Fig.9 - Percentage volume of molten steel under different bottom blowing arrangements: (a) at high velocity 
ranges, and (b) at low velocity range.

The velocity of molten steel for each scheme was calcula-
ted and a smaller volume percentage of molten steel was 
obtained with low velocity, and vice versa, which can be 
set as an efficient criterion, as it is beneficial for full mixing 
in the converter bath, promote the uniform stirring in the 
converter and increase the rate of the uniform chemical 
reaction. Furthermore, 0.2 ms-1, 0.4 ms-1 and 0.8 ms-1 were 
selected as the critical velocity values for determining the 
percentage volume of the molten steel. The volume of the 
molten steel with different velocities as <0.2 ms-1, >0.4 ms-1 
and >0.8 ms-1 in different top-bottom combined blowing 
arrangements was also different. The quantitative rela-
tionship between the percentage volumes of molten steel 
at different velocities for combined blowing converter is 
shown in Fig. 10. The volume of the molten steel exceeds 
above 50 % at the velocity range of 0.4-0.8 ms-1 for all the 
schemes. The volume ratio was smaller in case of scheme 
X, when its velocity was less than 0.2 ms-1, as compared 
to the higher velocities >0.4 ms-1 and >0.8 ms-1. It indicates 
the efficient stirring of the molten steel at a low veloci-
ty less than 0.2 ms-1 in case of scheme X, than all other 
bottom blowing schemes. However, in case of prototype 
scheme X, the flow of molten steel was non-uniform in 

the entire molten pool with multiple turbulent eddies at 
high velocity as compared to the other investigated sche-
mes. The same situation can be seen in the case of sche-
me C2 whose results of volume ratio were a little better 
than the scheme X. In scheme C2, eight bottom tuyeres 
separated by a greater angle of 25°/50° leads to non-ho-
mogeneous mixing in the converter as the velocity di-
stribution at the wall of converter bath was inactive. The 
scheme X and C2 are near to equivalent each other, while 
the schemes A1, B2, and B3 were found the superior to 
prototype X scheme. The volume of molten steel in case 
of schemes A1, B2 and B3 is larger at velocity >0.4 ms-1, 
which implies the stronger and homogeneous mixing in 
the bath than all other schemes with different velocities. 
In the case of velocity >0.8 ms-1, the mixing of molten ste-
el was compressed in the converter bath with different 
bottom blowing arrangements. The maximum volume of 
molten steel was obtained by the schemes A1, B2 and B3 
under different velocity ranges. Therefore, A1, B2, and B3 
can be categorized as the optimization scheme in which 
the mixing time was reduced to 27 % than the prototype 
scheme X. Furthermore, the optimization schemes also 
encouraged an efficient velocity distribution in the entire 
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molten pool. The numerical simulation results agree with 
the water model results, which indicate that the optimi-
zation schemes are superior to the prototype scheme X. 
The experimental results showed that the mixing time of 
flow field in the converter was in the order of, top-bot-
tom combined blowing > only bottom blowing. Accor-
ding to the analysis, the stirring kinetic energy genera-
ted by top blowing was limited, so the mixing time was 
larger. When the argon gas was blown from the bottom, 

the bubbles were dispersed which was beneficial to the 
circulating flow of molten steel in the converter, and the 
mixing time was the shorter. When the top and bottom 
gases were blown together, the kinetic energy generated 
by the top-blown oxygen jet to the molten steel was par-
tially offset by the kinetic energy generated by the flow 
of bottom-blown argon; therefore, the mixing time was 
longer than the bottom blowing.

Fig.10 - Percentage volume of molten steel at different velocity ranges under top-bottom combined blowing 
arrangements.

INDUSTRIAL RESULTS
The industrial results verify the correctness of our wa-
ter model and numerical simulation results. The avera-
ge value of endpoint equilibrium of [C]×[O] composi-
tion (wt.%) provided by steel plant is 0.00212, 0.00207, 
0.00197, 0.00206 for X, A1, B2 and C2 schemes respecti-
vely as shown in Fig. 11. The average [C]%×[O]% reduced 
by 0.0002, 0.0005 and 0.0006 for B2, A1 and C2 schemes 
as compared to the prototype X scheme, which indica-
tes that how well the reaction in the converter bath was 
progressed and also represented uniform mixing in the 
industrial BOF converter. The industrial application re-

sults demonstrated that the bottom-blowing argon in 
BOF converter can facilitate the carbon–oxygen reaction 
reaching equilibrium, which lower the carbon content in 
molten steel at the end of melting process and improve 
the molten steel quality due to its superior stirring in the 
molten bath. Wei et al. found that the bottom-blowing 
can strengthen the mixing efficiency in the molten bath 
and improve the molten steel quality with lower final car-
bon–oxygen equilibrium and lower nitrogen content[34]. 
Therefore, the industrial results are also consistent with 
the physical model and numerical simulation results. 

Fig.11 - The average endpoint [C]×[O] composition (wt.%) in industrial BOF converter by prototype and 
optimized schemes.
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Conclusions
The following main conclusions can be drawn as:

1. The mixing time in the converter bath is in the order 
of, top-bottom combined blowing > bottom blowing. 
The larger mixing in combined blowing is due to op-
posite motion of top-blowing oxygen and the bot-
tom-blowing argon, which consumes a large part of 
stirring kinetic energy and also momentum was remai-
ned offset in the combined blowing converter. 
2. Symmetric and closely spaced bottom tuyere ar-
rangements have the shorter mixing time in combined 
blowing converter, which was reduced to 27% than 
the prototype bottom arrangement.
3. 3D transient simulation was performed and a good 
agreement between water model and simulation re-
sults was obtained, where the VOF model is evident 
to be a powerful tool to simulate molten metal stirring 
process.
4. The increasing distance between the bottom tuyere 
with changing PCD of 0.5 to 0.8 results in the low-ve-

locity distribution at the centre of the converter bath, 
which is also responsible for the low-velocity regions 
between the converter wall and the gas flow lines from 
tuyeres.
5. The obtained volume of molten steel at different ve-
locities has a reasonable evaluation for the optimiza-
tion of the flow field in the converter bath, which was 
greater than 50% at the velocity ranges of 0.4-0.8 ms-1 
for all bottom blowing arrangements.
6. The average value of endpoint equilibrium of [C]×[O] 
composition (wt.%) was reduced to 0.0015, 0.0005 and 
0.0006 with optimization schemes indicating uniform 
mixing in the BOF converter.   
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