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A B S T R A C T

This paper studies the influence of post-combustion on supersonic lance tip nozzles wear for an
80t converter, using CFD (Computational Fluid Dynamics) simulations. These analyses were
based on flow profile determination of supersonic jet at minimum and maximum operation flow
rates, where it could be verified post-combustion inside the nozzles at lowest flow rates.
Additionally, thermal input generated by post-combustion was exported as heat flow in order to
serve as a boundary condition in CFD thermal exchange simulations, also considering nozzle
internal cooling. With these simulations, it was shown that copper actually reaches its melting
point, at which the lowest operating flow allows post-combustion inside the nozzle. The tem-
perature distribution profiles and the high temperatures found were also relevant for a con-
siderable grain growth found in the wear region, according to metallographic analyses. It was
thus concluded that wear occurs due to the progressive melting of copper after continuous heats
with low oxygen flow rates; post-combustion inside the nozzles is the root cause for this failure.

1. Introduction

The lance tip with supersonic nozzles is positioned at the end of the lance providing oxygen at the demanded speed in order to
promote steel decarburization and refining reactions in BOF converters. These tips are normally manufactured from high-purity
copper and are normally cast, forged or centrifuged [1]. These tips also have internal water-cooling channels which are narrowed to a
certain extent to generate adequate thermal exchange and maintain the tip's external faces temperatures. The nozzles are exposed to
high temperatures due to exothermic reactions present in the process; low temperatures prevail in the material, since copper displays
an excellent thermal conductivity and a reasonably high melting point (1085 °C) [2].

The tips' lifespan is 200 to 400 heats on average; however, in extreme optimization conditions in the cooling channels, established
through by CFD simulations, it reaches more than 1400 heats [3]. Nonetheless, it should be pointed out that even cooling of the
optimized tip may not be sufficient to avoid nozzle wear. Some authors associate this failure with inappropriate manufacturing or
inadequate use with regard to design specifications, which in many cases do not take into consideration the O2 flow and pressure
variations during the process [4–7].

Wear in the supersonic nozzles has been observed in a 3-hole tip that works on a converter with a nominal capacity of 80 t, which
is the main reason for the nozzle failure. Figs. 1(a) and (b) display a new nozzle tip and a used one, in which it is possible to observe

https://doi.org/10.1016/j.engfailanal.2018.09.024
Received 26 April 2018; Received in revised form 15 September 2018; Accepted 17 September 2018

⁎ Corresponding author.
E-mail address: fabricio.garajau@gmail.com (F.S. Garajau).

Engineering Failure Analysis 96 (2019) 175–185

Available online 18 September 2018
1350-6307/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13506307
https://www.elsevier.com/locate/engfailanal
https://doi.org/10.1016/j.engfailanal.2018.09.024
https://doi.org/10.1016/j.engfailanal.2018.09.024
mailto:fabricio.garajau@gmail.com
https://doi.org/10.1016/j.engfailanal.2018.09.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engfailanal.2018.09.024&domain=pdf


wear in the nozzle outlet. Fig. 1(c), shows a cross-section of the nozzle that allowed the removal of samples for metallographic
analyses.

Garajau et al. [8] have done CFD studies to find out the root cause of nozzle wear. They have observed post-combustion inside the
nozzles at lowest operating flows, concluding that wear occurs due to a progressive melting of copper after successive heats. The
hypothesis could explain nozzle wear; however, the methodology used did not consider the heat flow generated by post-combustion
nor the tip internal cooling.

The present paper aims to validate post-combustion inside the nozzle as the main reason for wear on supersonic nozzle tips,
employing CFD simulations and utilizing the predicted temperatures reached at different regions of the nozzle under post-combustion
conditions in order to predict the grain growth observed in nozzle samples containing wear. These predictions are compared with
experimentally measured grain sizes.

2. Methodology

The flowchart in Fig. 2 describes the steps in the development of the present analyses. In step 1, the simulations are performed to
evaluate the jet formation profile at minimum and maximum flow rates. These simulations predicted the occurrence of post-com-
bustion inside the nozzles. Then, in stage 2, thermal transfer simulations in the nozzle are performed, importing the heat flows
generated in the previous simulation, as an input condition to simulate the nozzle thermal exchange and to check the working

Fig. 1. Tip lance of an 80 t BOF: a) new tip; b) tip after 600 Heats with wear nozzle; c) cross section in a tip failed after wear.

Fig. 2. Methodology used for simulations.

Fig. 3. a) Geometry and simulations boundary conditions schematic drawing; b) Hexahedral mesh with 1,005,000 elements [8].
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temperatures in the copper nozzle. Finally, the temperatures obtained in the simulations are used to predict the grain growth and
final grain sizes close to the wear regions in the nozzles, which are compared with the previously experimentally measured grain
sizes. In addition, it is verified whether post-combustion inside the nozzles can raise the copper temperature until its melting point
and promote progressive wear, according to the theory presented by Garajau et al. [8]

Considering the complexity of variables implicated in the process, for the feasibility of computational simulations, a geometric
simplification is necessary as well as a reduction of variables that compose the computational domain. Geometric symmetry in a
single nozzle adopted for the simulation of the supersonic jet. This nozzle was divided in 1/15 of its diameter, similarly to simulations
performed by other authors [4,7] and as shown in Fig. 3(a). Fig. 3(b) shows the mesh used in the supersonic jet simulations,
composed of hexahedral elements and refined in the regions adjacent to the nozzle outlet.

For these simulations, the maximum (180m3/min) and minimum (150m3/min) flow rates of oxygen blow were considered during
the operation, which are usual situations for 80-t converters. Models allowing chemical reactions in the simulation were enabled in
order to investigate post-combustion effects. The temperature of 1600 °C in the simulations refers to an average gas outlet tem-
perature, in order to consider the working conditions for BOF converters [7,9].

Since the tip has 3 nozzles, only 1/3 of the geometry was used, as shown in Fig. 4(a), where it is possible to observe the division of
the domain with parts filled with water and the solid mass of copper. In order to evaluate the effects of thermal contribution
generated by post-combustion in the worn nozzles, the flux found in the supersonic jet simulations was imported as boundary

Table 1
Boundary conditions of the CFD simulations.

Simulation Composition Inlet Outlet Heat flux Combustion model

Supersonic Jet O2/CO 150 [m3/min] open Environment PDF
1600 [°C]35 [°C]

O2/CO 180 [m3/min] open Environment PDF
35 [°C] 1600 [°C]

Tip heat tansfer Copper/water 80 [m3/h] 0 [bar] Simulation of low flow –
30 [°C]

Copper/water 80 [m3/h] 0 [bar] Simulation of high flow –
30 [°C]

Fig. 5. Supersonic Jet: Mach number - a) minimum flow rate e b) maximum flow rate; Temperature - c) minimum flow rate e d) maximum flow rate.
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conditions in the thermal exchange simulations in the nozzle, which also contemplates the internal nozzle cooling.
Table 1 presents a summary of the boundary conditions used for CFD simulations of supersonic jet and thermal nozzle exchange.
The numerical residue applied was 10−6, limiting the error obtained in the simulations to 0.0001%. The High Resolution method

was enabled; in order to reduce the imprecision remained in interpolated results [10].

3. Results and discussion

Fig. 5 presents the results in terms of Mach number and temperature for supersonic jet simulations, permitting the comparison of
jet flow profile at minimum and maximum operating flows.

Figs. 5 (a) and (b) exhibit high intensity shock waves preventing the total jet expansion to the exterior of the nozzle and, conse-
quently, diminishing its effective length. This phenomenon indicates that the nozzle may not be properly shaped for the process since,
in order to break the slag layer and promote the interaction between O2 and the bath, the design aims at the supersonic jet maximum
efficiency. The jet's effective core is proportional, having an effective length greater at higher flow rates. In general, the temperature
profiles are similar for Figs. 5 (c) and (d), although a relevant difference is observed in the vicinity of nozzle outlet, as shown in Fig. 6.

The situation can be better understood through Figs. 7 (a) and (b), where velocities in flow lines and vectors are shown and
indicate large variations in the direction of flow with the lowest flow and rates.

Fig. 6. Supersonic jet near the outlet nozzle: Mach number - a) minimum flow rate e b) maximum flow rate; Temperature - c) minimum flow rate e
d) maximum flow rate.

Fig. 7. Speed results in flow lines and vectors: a) minimum flow rate e b) maximum flow rate.
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Jet detachment generates negative pressure zones allowing CO suction in the nozzle vicinity, promoting the mixture with O2

around the jet and leading it to combustion. Fig. 8 shows the phenomenon in agreement with supersonic nozzles theory.
The heat flow generated from the supersonic jet simulations and imported to the heat transfer simulations in the nozzle are shown

in Fig. 9. When post-combustion inside the nozzle occurs, according to Fig. 9(a), the heat flow reaches values of ~ 25MW/m2 in the
nozzle outlet. On the other hand, heat flow variation in Fig. 9(b) has a maximum value of ~ 28 KW/m2, where it can be perceived as a
heat flow around 2.4MW/m2 on the nozzle's external face, similar to values presented by Santos et al. [2].

Fig. 10 shows the surface temperature distribution in the nozzle found in CFD simulations, according to the heat flows shown in
Fig. 9.

Analyzing the nozzle temperatures, it is observed in Fig. 10 (a) that surface temperatures above the copper melting temperature
(1085 °C) in the nozzle outlet were reached, while in Fig. 10 (b) the maximum temperature is around 245 °C. Santos et al. [2]
optimized the nozzle cooling channels and obtained surface temperatures with values near 250 °C, leading to an increase in the tip's
lifespan. Thus, considering the similar temperatures are found in Fig. 10 (b), it can be concluded that tip cooling may be satisfactory
under normal work conditions, butt insufficient to prevent copper from exceeding its melting point, when post-combustion occurs
inside the nozzles.

Fig. 11 shows the isothermal temperature ranges in a cross-section of a nozzle, allowing a better understanding of post-com-
bustion effects in the nozzle temperatures in Fig. 10 (a). Fig. 11 (a) shows that copper reaches a temperature above its melting point
in the nozzle outlet for a length of 5mm near the larger nozzle diameter, and along approximately 8mm in length near the nozzle
central axis. The temperature decreases along the nozzle external face, stabilizing in 245 °C at its largest diameter.

The asymmetry in the temperature distribution found in Figs. 11 (a) and (b) is explained through the distribution of cooling water
velocity vectors shown in Fig. 12. Since the higher fluid velocity guarantees higher convection coefficients and, consequently, greater
heat extraction, the nozzle is better cooled near the outer diameter rather than near the central axis. Therefore, it is reasonable that
the largest over-heated length is above the melting point as seen in Fig. 11 (b).

This same asymmetry appears in nozzle wear, in the section geometry shown in Fig. 13 (a), where the dimensions are very similar
to the temperature distribution above the melting point shown in Fig. 11(a) and (b).

Fig. 13 (b) shows a wear sample, in which it is possible to perform a metallographic analysis to check the microstructure and grain

Fig. 9. Heat flux from post-combustion: a) minimum flow rate e b) maximum flow rate.

Fig. 10. Tip temperature: a) minimum flow rate e b) maximum flow rate.
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size for regions 1, 2 and 3, which are shown in Fig. 14.
Fig. 14 (a), corresponding to the nozzle internal region, indicates that the copper does not present large variations in grain size. In

the external region, Fig. 14 (C), the grains have similar features to those in the internal nozzle regions; however, coalescence can be

Fig. 12. Fluid velocity vectors of the cooling in tip.

Fig. 13. a) Transversal and longitudinal section in tip; b) sample for metallographic analysis [13].

Fig. 14. Microstructure with 200× enlargement: a) internal region of nozzle without wear; b) internal region of nozzle with wear; c) outer surface
of the tip [13].

Table 2
Constants used to calculate copper grain growth [15].

Constant Value

D0 20 [μm]
H 0,87 [eV]
K0 3,6× 10−4 [cm2/s]
R 8,3144 [J/mol·K]
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observed in some grains, a phenomenon that is characteristic in a localized fusion of a material. This may have been caused by
contact with the steel/liquid slag since this face is exposed to the process variables of the converter. It is notable the contrast with
these regions observed in Fig. 14 (b), displaying a considerable increase in grain size. Once this nozzle is manufactured by forging,
leading to a refined microstructure, grain growth is possible according to physical metallurgy principles [14]. Therefore, the dif-
ference in size observed only in the wear region can be explained by the high temperature predicted in the simulations, even though
not reaching the melting point, as seen in Fig. 11.

It can be verified the correlation between grain sizes found in Fig. 14 and isothermal temperature ranges found in Fig. 11, through
Eq. (1), which allows the calculation of material's grain size (D) as a function of initial size D0, temperature (T) and time (t) [15].

− = ⎛
⎝

− ⎞
⎠

D D K t H
RT

exp2
0
2

0 (1)

where: K0 - material constant; H - activation energy; R - ideal gas constant. Table 2 presents the values of these constants used to
evaluate grain size growth in the present situation.

As wear occurs only during operation with the lowest O2 flow, nozzles' exposure time at high temperatures (Fig. 11) accumulates
over several heats. Therefore, a nozzle with a lifespan of 600 heats operates for about 10 h (600min) blowing at low flow. Con-
sidering that the initial grain size of a forged copper nozzle is 20 μm on average, Fig. 15 presents an estimate for copper grain growth
from Eq. (1), for the isothermal temperature ranges in the nozzle found in Fig. 11.

According to Fig. 15, for temperatures of 676 °C in internal and external nozzle regions (Fig. 11) the predicted grain size is
200 μm. However, the grain size in Fig. 14 (a) and (c) is ~ 150 μm. For the wear zone, a temperature of 1000 °C (first isotherm below
the copper melting point) is shown in Fig. 11, the grain size predicted in Fig. 15 measures approximately 750 μm, but the measured
grain size was 400 μm, again smaller than expected. According to Fig. 14, a grain size of 400 μm corresponds to a nozzle temperature
of 800 °C, approximately.

A potential explanation for the difference between the predicted and experimentally measured grain sizes is that the progressive
nozzle wear will reduce the wall thickness, improve heat exchange conditions and lower the prevailing temperatures in the various
nozzle regions with consequent slower grain growth.

4. Conclusions

The supersonic jet CFD simulations indicate that post-combustion occurs within the nozzles during the lowest flow conditions,
notably increasing the nozzle temperatures, especially in the outlet. The regions where the expected temperatures were above
1085 °C (copper melting point) are in agreement with the wear geometry found in the samples, confirming the hypothesis that wear is
caused by the copper progressive melting along the heats. The simulations also indicate that when no post-combustion occurs inside
the nozzles, the nozzle can operate at temperatures below 300 °C, which would be sufficient for a longer lifespan than the ones
obtained with wear. The grain size distributions found in wear region were consistent with copper grain growth prediction model.

The supersonic jet simulations have not indicated any correlation between pressures and shock waves in the nozzle wall that
indicate erosion wear. Based on these arguments, post-combustion within the nozzle can be defined as a root cause for the wear of
supersonic nozzles of BOF converter lance tips. Finally, it can also be concluded that nozzle redesign, avoiding post-combustion in
their interior, can reduce or even eliminate wear and tear in supersonic nozzles outlets.
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Fig. 15. Growth of copper grains over time for different temperatures.
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