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ABSTRACT

The supersonic multi-jet lance plays a critical role in the operation of Basic Oxygen Furnace (BOF) converters. However, the
harsh environment within the converter and the complex fluid dynamic interactions near the lance can significantly reduce its
operational lifespan. Proper lance design can alter flow patterns, minimize wear, and extend its service life. Additionally,
optimized lance geometry enhances jet quality and oxygen mixing with the molten metal, thereby improving process efficiency
and steel quality. This study employs a three-dimensional computational model to analyze the fluid dynamic behavior in BOF
converters and assess the influence of lance geometry on flow patterns and metal accumulation at the lance tip — a phenomenon
known to impair process performance. Two geometries were investigated: a conventional design based on a typical 300-ton
converter and a modified version with a flat face, resulting in an elliptical nozzle outlet. Results indicate that the geometric
modification affects jet coalescence and can increase the length of the supersonic core by up to 4.6%, depending on the Nozzle
Pressure Ratio (NPR). Furthermore, the altered tip geometry influences the inter-jet flow patterns, which may help reduce metal
buildup at the lance tip and ultimately extend its lifespan.

Keywords: Basic Oxygen Furnace, supersonic multi-jet lance, nozzle pressure ratio, lance tip geometry, jet coalescence, flow
pattern optimization, lance wear reduction

INTRODUCTION

The supersonic multi-jet lance is a key component in Basic Oxygen Furnace (BOF) steelmaking converters, responsible for
delivering oxygen at high velocities to promote efficient chemical reactions in the molten metal bath!*. The conversion of
oxygen pressure energy into kinetic energy through multiple supersonic jets enhances mixing and reaction rates, which are
essential for the effective refining of steel®. However, the harsh and aggressive environment inside BOF converters, combined
with the complex fluid dynamic interactions near the lance tip, impose significant challenges to its operational durability.



Early investigations centered on single nozzles clarified fundamental features of supersonic jets, but ignored the inter-jet
coupling characteristic of industrial lances?. In multi-nozzle configurations, entrainment of the surrounding gas lowers the static
pressure between adjacent jets; the resulting pressure gradients induce mutual deflection and eventual coalescence, as quantified
by Wang et al.b.

Among the various factors influencing jet coalescence and overall BOF performance, the number of nozzles is particularly
significant. Configurations employing three to six nozzles are commonly reported in the literature?>7°. The primary goal of
using multiple nozzles is to increase the oxygen flow rate, while minimizing slopping and reducing premature damage to the
refractory lining. Sambasivam et al.!? also proposed a seven-nozzle design, incorporating a central subsonic jet. Their combined
computational and experimental analysis revealed that the central jet does not induce coalescence, and it significantly enhances
droplet generation compared to traditional six-nozzle configurations. Furthermore, this design prolongs the lance tip’s
operational life by reducing wear.

In addition to the number of nozzles, their orientation in relation to the lance axis (inclination and twist angle) also affect jet
behavior and converter performance. Wang et al.® numerically investigated the impact of inclination angle on jet interaction,
concluding that smaller inclination angles result in stronger interference and increased coalescence. Higuchi and Tago!! studied
six-nozzle lances with twisted configurations, where the nozzle and lance axes do not intersect, and concluded that, in their
cold-model experiments, a twist angle of 11.42 minimizes spitting. Maia et al.® extended this investigation to four-nozzle lances,
showing that while a 102 twist still resulted in coalescence, a 202 twist promoted independent jets and improved atomization
at the bath surface.

The internal geometry of the nozzles also plays a crucial role on the process performance. While trapezoidal CD nozzles are
standard, alternative geometries such as curvilinear, truncated, and compressed profiles have been proposed. Garcia et al.*
compared these designs, showing that truncated nozzles intensify oblique shocks from the exit, whereas compressed nozzles
amplify shocks from the throat region. The curvilinear geometry demonstrated superior performance, with higher Mach
numbers and extended potential core lengths compared to the trapezoidal design, indicating enhanced capacity for turbulence
generation at greater distances within the molten bath.

BOF performance is influenced not only by geometric factors but also by operational parameters. In practice, the operating
pressure often deviates from design values due to equipment and process fluctuations. To avoid undesirable overexpanded flow
regimes, which can lead to increased lance wear, and to ensure sufficient impact force at the bath surface, higher operating
pressures are typically employed. These ensure that the nozzle exit pressure remains above the ambient pressure, resulting in a
favorable nozzle pressure ratio (NPR). Higher NPR values not only prevent wear but also extend the supersonic and potential
core lengths of the jets, thereby improving mixing efficiency?.

Besides all the advances in BOF lance design, wear at the lance tip is still a major concern in industrial steelmaking!?. The
high-temperature environment, slag, and molten metal droplets can adhere to the cooled lance surface, especially in the central
region between jets, disrupting jet flow and accelerating wear. Such metal buildup not only reduces the lance’s service life but
can also negatively impact process efficiency and steel quality. Thus, a proper design of the lance tip is a critical factor that
influence flow patterns, jet quality, and ultimately the lance’s operational performance.

The present study therefore evaluates a modified flat-faced tip that transforms each circular outlet into an elliptical one. A
validated three-dimensional CFD model is employed to compare the conventional and modified geometries across
representative NPR values. The analysis quantifies variations in jet coalescence, supersonic-core length, and inter-jet
recirculation, thereby providing a mechanistic basis for assessing the modified tip’s potential to mitigate metal accretion in the
lance tip, and extend its operational lifespan.

MATHEMATICAL FORMULATION

The evaluation of the geometry effects on the supersonic structures is a three-dimensional, compressible, turbulent, and steady
problem. It can be solved using a Reynolds Averaged Navier-Stokes (RANS) model to obtain the mean velocity and pressure
fields with the effects of turbulent fluctuations being modeled by the Boussinesq hypothesis, to reduce the computational cost.
The continuity equation is given by:

V-(pu) =0, (1)

where u is the mean velocity vector and p is the density of the fluid that, for an ideal gas, can be expressed by:

1
K-1 1-K
P = Po (1+TM(12) , (2)



in which pq is the air density at the reference temperature (300 K), K = 1.4 is the ratio of specific heat of the air at constant
pressure (C,) to its specific heat at constant volume (C,), and Ma = |u|/c is the Mach number. The sound velocity is calculated
for each cell of the computational domain as ¢ = VKRT . R = R/M is the specific gas constant for the air, R =
8.314 kJ/(kmol K) is the universal gas constant, M is the air molecular weight and T is the air temperature. The momentum
equation is:

2 2
V- (puw) = —VP + V- [(# ) (Vu+ Vu' - §v-ul) - §kl] , 3)
where P is the pressure field, u and pu, are the molecular and turbulent viscosity, respectively, and k = (u’ . u’) /2 is the
turbulent kinetic energy. The temperature field is determined by solving the energy equation (Eq. 4) throughout the numerical
domain:

V- [u(pE + P)] = v-[(/1+ Ap)VT + ,u(Vu+ vu’ — gv-ul)-u], “)

in which E = C,T —P/p + |u|?*/2, and A and A are the molecular and turbulent thermal conductivities, respectively.

The turbulent viscosity y, and the turbulent thermal conductivity A; were obtained by the application of a turbulence closure
model (Eq. 5 and Eq. 6). The k-w SST (Shear Stress Transport) model is widely used in the literature to simulate supersonic
flows in Laval nozzles*'*!* and was also used in this work. The k~-w SST model was developed by Mender!® and has hybrid
characteristics that make it suitable for simulations with adverse pressure gradients and the presence of walls, using the robust
and accurate k-w model in the region close to the wall and the k-& model in the regions of potential flow!é. In this model, the
turbulent viscosity is given by u, = po.k/w, where o, is a model constant, and the thermal conductivity by A; = Au,/u .
The turbulence model equations are the turbulent kinetic energy (k) equation:

k
and the specific dissipation rate (w) equation:
V-(pua))=V-[(,u+5—t)Vm]+Gw—Yw+ D,, 6)
w

For these equations, oy, and g, are empirical constants. G, is the production of turbulence kinetic energy, G, is the generation
of w, Y, and Y,, are the dissipation of k and w due to turbulence and D,, represents the cross-diffusion term. The constants used
(0, 0y, and g,,) were the default values of ANSYS Fluent!'®,

An essential description for compressible flows is how compressibility affects the dissipation rate of k and w. A compressibility
function, F(M,), is used to insert the compressibility effects on the k-w SST model, so that the dissipation of £ becomes:

Ve = Y[l + " F(M)], (7
and the dissipation of w:
Ya) = Y(u 1+ %c* F(Mt) ’ (8)

where Y), and Y, are the dissipation of k£ and w for the incompressible case. The constants {* and §; and the function f5; are
default of ANSYS Fluent!®. The compressibility function is:

0, if@ <0.25
FM) = 2k 1 2k ' ©)

—— —,if —>0.25
¢z 16 if c >

It is observed that for low values of turbulent kinetic energy, the compressibility effects are negligible, and the rate of dissipation
becomes ¥, = Y, and Y, = ¥,.



NUMERICAL METHOD

The geometry of the oxygen lance is based on the real geometry of typical converters of 300t steel production capacity!’. The
lance has 6 nozzles, with an axial symmetry configuration. Some geometric simplifications were proposed to simplify the
analyses, such as a flat face on the front of the lance and a perpendicular flat face for each nozzle. The details of the lance
geometry are shown in Fig. 1. To evaluate the influence of the geometry of the nozzle, a continuity of the divergent section

was proposed, as shown on the right side of the figure. This modification turns the outlet section of the lance into an elliptical
form.
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Figure 1. Geometry of BOF lance used in the simulations (a) isometric view of the original and modified lance and (b)
sectional view with dimensional description of lance and nozzle.



Due to the complexity of the flow, most of the supersonic jet simulations are performed in the two-dimensional plane or using
axisymmetric conditions due to the large amount of computational time required for three-dimensional simulations®'®!?, As
reported by Raje and Sinha?’, the multi-jet interaction is quite complex and involves the occurrence of various flow structures,
flow regimes, and large thermal and momentum gradients. Such flows span from subsonic to supersonic Mach numbers and
consist of a multitude of shocks and expansion waves. There are regions of strong inviscid/viscous interactions involving free
shear layers, boundary layers, shocks, separated flow and recirculation regions, and plume/plume interaction. Additionally, the
flow field induced by multiple jets can be highly three-dimensional. The complex multi-nozzle configuration and the structural
base requires elaborate grid generation and thus CFD simulation of these flows is an exceptionally challenging task. However,
three-dimensional Unsteady Reynolds-averaged Navier-Stokes (URANS) simulations remain a viable option to predict the
multi-jet interaction flow field and the associated base pressure and base heat flux. To simulate the three-dimensional problem,
some artifices were used. The domain consists of a 60° slice of the full geometry, representing a unique nozzle. The external
domain was constructed with 10,000 mm length and 2,000 mm radius.

For the boundary conditions, the walls of the lance and nozzle had no slip condition. The two lateral boundary conditions
(yellow on Fig. 2) were periodic. It means that the tangential component of the velocity has no gradient on the face, and the
normal component of velocity is associated with the velocity on the other correspondent periodic face, i.e., the outer flux on
one face is equal to the inner flux in the periodic correspondent face. The external face of the cylinder is treated as free slip,
the gradient of the tangential component of the velocity is null, and the normal component is zero. The fluid inlet boundary
condition consists of 300 K temperature and absolute pressure determined by the nozzle pressure ratio (NPR) value:

P
NPR = 22 (10)
Py

in which Pi, is the inlet absolute pressure and Py the surrounding pressure. The outlet boundary condition has an absolute
pressure of 1 atm and 300 K temperature. An overview of the geometry dimensions and boundary conditions that were used in
this work is shown in Fig. 2, except for the nozzle, which is given in Fig. 1.

Free slip

/ Outlet

Figure 2. Numerical geometry and boundary conditions.

For mesh generation, homogeneous hexahedra elements were used. This type of mesh was chosen due to its orthogonal quality
near to one. A coarse basic mesh was constructed, and an adaptive mesh method was used to refine the mesh in the regions
where the supersonic structures are present, i.e., high density gradients and high Mach numbers. The cut-cell method consists
of dividing the original mesh into levels of refinement. For a three-dimensional simulation, each cell is divided into N = 23"
elements, in which n represents the maximum level of refinement, as illustrated in Fig. 3.
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Figure 3. Example of the automatic mesh adaptation using three-dimensional cut-cell method.

Two refinement criteria were used: for the description of the supersonic core, cells with Mach number in the range 0.8 <
Ma < 1.20 were refined; and for the representation of the potential core and shock waves, regions with density ratios equal or
higher than 0.5 times the global mean density gradient for the whole domain were refined. The maximum refinement level was
determinate based on the mesh independence test.

The numerical methods used to perform the simulations were all implicit-based schemes, including COUPLED algorithms for
pressure-velocity coupling. For spatial discretization, third-order methods were used for density and momentum, and all the
other methods were second order. The simulations were performed using the commercial CFD software Ansys FLUENTO. An
overview of the fluid properties and solution methods are listed on Tab. 1.

Table 1: Fluid properties and numerical methods applied to simulations.

1.225 kg/m3

Density at ambient temperature (p,)

Specific hear at constant pressure (C,) 1006.43 ] /kg K

Material (dry air) Molecular viscosity (1) 1.7897 x107° Pa s
Molecular weight (M) 28.966 kg /kmol
Thermal conductivity (4) 0.0242 W /mK
Ambient temperature (T}) 300K
Surrounding condition
Ambient pressure (Po) 1 atm
Pressure-velocity coupling Coupled
Gradient Least Squares Cell Based
Pressure Second order
Momentum Third-order MUSCL
Solution methods Spatial
. L Density Third-order MUSCL
discretization
Energy Second order Upwind
Turbulent kinetic energy Second order Upwind
Specific dissipation rate Second order Upwind




RESULTS AND DISCUSSIONS

The first step of this work was the evaluation of the capability of the model to represent the physical phenomenon, i.e., the
supersonic structures of a three-dimensional flow in a convergent-divergent nozzle. The experimental results of Zapryagaev?!
were used as reference. Schlieren pictures (density gradients) were simulated for two values of NPR and a comparison of the
simulations with the experimental results were used to validate the model (Fig. 1).

NPR =11.13 NPR = 27.50

(@) (b) (©)

Figure 4. Comparison between the Schilieren images obtained experimentally by Zapryagaev et al.?! (left) and with the three-
dimensional numerical simulations (right).

The nozzle used by Zapryagaev?!, which was simulated to validate the model, is shown in Fig. 4(a) on left, and the results for
the NPR values of 11.13 and 27.50 are shown in Fig. 4(b) and Fig. 4(c), respectively. On these figures, the left Schlieren
pictures refer to the experimental work of Zapryagaev?!, and the right pictures refer to the simulations (this work). The
simulation images were slightly tilted to obtain a visualization angle like the used by the camera to take the pictures in the
experimental setup. The main patterns of the flow were well represented by the model, like the strong normal shock close to
the nozzle outlet for NPR = 11.13 and the slip region in the central part for NPR = 27.50. It is noticed that the numerical model
was capable of correctly predicting the flow behavior, validating the model to perform the simulations proposed in this work.

The next step after the model validation was to perform the grid independence test. The images shown in Fig. 5 are composed
of two parts. The left side of the image refers to the Schlieren pictures obtained at the simulations, while the right side refers to
the respective mesh. The results were plotted on the rz-plane, passing through the middle of the nozzle. The simulations were
performed for NPR = 12 and 5 refinement levels (n = 0; 1; 2; 3 and 4). It is possible to observe in Fig. 5 that some flow
characteristics were not captured by the initial mesh (n = 0) and the first refinement level (n = 1). For n = 2, the main
characteristics are observed, but some details inside the nozzle and close to the nozzle outlet are not so clear. For the refinement
levels n = 3 and n = 4, no significant changes of the potential core are observed, while the number of elements increases from
5,520,393 to 28,524,339, significantly increasing the computational cost and, therefore, the time of the simulation. For this
reason, level n = 3 was considered appropriate for the simulations.
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Figure 5. Influence of mesh refinement on Schilieren images and shock indicators.

After validating the model and choosing the appropriate mesh for the case of this study, the analysis of flow patterns and their
consequences on BOF process can be carried out. Figure 6 shows the Mach number contours for the original and modified
configuration at different NPR values. The original configuration results are depicted in the first column, while the modified
configuration results are shown in the second column. In the top row, are the results for the NPR =4 case. As expected, for this
pressure ratio, the flow is overexpanded, and Mach disks and subsonic areas are seen in the core of the jet. The flow patterns
for both configurations are quite similar, but in the original geometry case (left side of first row), the subsonic regions within
the jet are more centered and slightly larger. For the modified configuration case (right side of first row), the subsonic regions
are smaller and asymmetric in relation to the jet center line. The asymmetry of the supersonic jet observed for the modified
configuration at NPR = 4 is the reason for the smaller coalescence of the jet in this case, since momentum is transferred to the
outer region of the jet. For the other NPR cases that were analyzed, this behavior was not observed.
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Figure 6. Supersonic core for original and modified configurations at different NPR values.

For the NPR = 8 cases (second row), the supersonic jets are close to the ideal condition, i.e., an isentropic flow without internal
shocks and uniform velocity at the outlet. Although some shock waves can be seen, they are not so strong and in practice the
ideal condition cannot be achieved. The coalescence of the jet, stronger in the modified case in relation to the original
configuration, is also attributed to the momentum balance, as will be explained in the next paragraph for the NPR = 12 case.

The NPR = 12 cases are shown in the third row of Fig. 6. It is clear from the figures that the jets are underexpanded. Although
chock waves also appear in this case, the underexpanded condition is usually used in BOF converter operations, as the
expansion after the nozzle exit protects it from thermal wear that may occur if the exit pressure is lower than the ambient
pressure (overexpansion). For this NPR case (NPR = 12), widely employed in BOF operations, the jet pattern for the original
configuration case (left) is almost symmetrical in relation to the center line of the jet. However, for the modified configuration
(right), there is a small asymmetry of the jet, and the red region (high Mach number) just after the nozzle outlet, is larger in the
inner part of the jet, indicating larger momentum in this region when compared to the outer region of the original case. The
larger velocities in this region (higher momentum) led to a larger coalescence of the jets.

To better visualize the asymmetry of the jet in the modified configuration case, the numerical Schilieren pictures (density
gradients) for the NPR = 4 cases are shown in Fig. 7. For the original configuration case (left) the main flow structures for an
overexpanded jet are observed and a Mach disk with a slip zone is observed just after the nozzle outlet. For the modified
configuration case, the Mach disk also occurs but, since the outside nozzle wall is longer, the compression shocks in the outer
boards of the nozzles are moved forward in comparison to the compression shocks in the inner boards and for this reason, the
Mach disks are eccentric. In general, jet asymmetry shortens the potential core and accelerates jet coalescence, but under certain
conditions, such as high NPR values, other factors can influence this behavior. It is not easily monitored, so nozzle designers
must take care when selecting lance geometry to minimize these effects.
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Figure 7. Schlieren images obtained for NPR = 4 at the lance exit.

Figure 8 shows the complete Schilieren pictures for all the cases evaluated in this study. It can be seen in the figure that the
potential core increases as the NPR value increases and the modification proposed affects the coalescence of the jets. To better
understand the NPR and geometry effects on the coalescence of the jets, Fig. 9 shows path lines of particles that were initially
at the center of the nozzle outlet. For the original configuration, at the same axial position, the higher the NPR the bigger the
diameter of the jet, as it would be expected. For the modified configuration case, this tendency is also observed for the higher
values of NPR (NPR = 8 and 12). However, for the NPR = 4 case, the jet presents a larger diameter, for a given axial position,
when compared to the higher NPR cases. This occurrence is due to the asymmetry of the jets that affect the momentum balance
and pressure differences between the inner and outer side of the jets.

Original Modified
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Density gradient [kg/m*]
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Figure 8. Comparison between the Schlieren images for original and modified configurations at different NPR values.
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Figure 9. Influence of geometry configuration and NPR value on coalescence of the supersonic jet.

Concerning the supersonic jet length, Fig. 10 show the supersonic core length for different NPR values and both geometries.
For NPR = 4 and 8, the original configuration is more appropriate, since it leads to higher values of supersonic core length.
However, the NPR = 12 is more usual for BOF operation and, for this pressure ratio, the modified configuration leads to better
results, i.e., higher value of supersonic core length (4.6% of increase), which means more mixing for a given lance height.
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Figure 10. Influence of the Nozzle Pressure Ratio (NPR) on supersonic core length.

Figure 11 compares the vector fields for the original (inclined-face) and modified (flat-face) lance tips at NPR = 4. In the
original configuration, the over-expanded jets form shear layers that merge along the center-line and roll up into a paired, co-
rotating vortex attached to the inclined surface. Because the local shear is weak, two low-velocity pockets appear, one at the
geometric center of the face and another on the sloped section, creating stagnation zones where slag or metal can accumulate.
In the modified tip, the flat exit plane diminishes shear-layer interaction; the near-wall vortices reverse sense and are quickly

re-entrained by the jets, eliminating the stagnation pockets and thereby reducing the likelihood of material build-up on the lance
face.
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Figure 11. Velocity-vector fields at NPR = 4 for (a) the original inclined-face lance tip and (b) the modified flat-face tip.

Figure 12 compares the velocity-vector fields at NPR = 8 for the original inclined-face and the modified flat-face lance tips. At
this higher pressure ratio, the jets issue with greater momentum, but in the original geometry their shear layers interact only
weakly; the flow detaches from the inclined surface, creating an extensive, nearly quiescent pocket that blankets both the
geometric center and the lower portion of the slope, prime sites for slag or metal deposition. In the modified tip the flat exit
plane intercepts the jets more directly, generating a thin, uniform shear layer that slides over the face; although local velocities
are modest, the available shear is sufficient to sweep the surface continuously, so no persistent stagnation zone develops and
the tendency for material build-up is effectively suppressed.
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Figure 12. Velocity-vector fields at NPR = 8 for (a) the original inclined-face lance tip and (b) the modified flat-face tip.



Figure 13 compares the vector fields for the original (inclined-face) and modified (flat-face) lance tips at NPR = 12. At this
pressure ratio the jets are under-expanded and the interaction between their shear layers strengthens. In the inclined-face tip the
converging layers roll up into a complex, multi-cell recirculation; a paired vortex system clings to the wall and drives a
downward flow at the center of the face, creating a low-velocity pocket where slag or metal can settle and solidify. In the flat-
face tip the jets strike the face nearly normal, the recirculation collapses, and no stagnation zone develops; the price, however,
is a higher near-wall velocity and shear that can hasten face wear over long campaigns.
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Figure 13. Velocity-vector fields at NPR = 8 for (a) the original inclined-face lance tip and (b) the modified flat-face tip.

CONCLUSIONS

Three-dimensional CFD analyses were carried out to evaluate a simple geometric modification, replacing the conventional
inclined lance face with a flat, horizontal exit plane, at three NPR values. At NPR =4 (over-expanded jets) the flat face inverted
the near-wall vortex pair and swept away the low-velocity pockets that normally trap slag or metal. At NPR = 8 (near-ideal
expansion) shear-layer interactions were weak for both configurations, but a continuous wall shear was observed in the flat-
face configuration, sufficient to avoid metal build-up on the lance face. At NPR = 12 (under-expanded jets) the redesign again
removed stagnation zones, virtually eliminating the risk of deposit build-up, although the higher wall-shear levels could cause
lance-tip wear if campaigns are prolonged. Overall, the flat-face tip suppresses metal deposition across all operating conditions
and should extend lance service intervals, provided that face erosion is routinely monitored at the highest NPR. For future is
recommend experimental validation and testing of erosion rates in prolonged campaigns.
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