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Itis important to know about the bath behavior to reduce the blow time and splashingin top
of the converter. The target of this work is to compare works on the effect of twisted nozzle,
flow and lance height in the jet penetration by visual inspection and by energy balance
that consider number of nozzles, vertical and twist angles. In the present work, lances with
twisted nozzle angles, normal lances and special nozzle shape were used to describe the
effects of jet on bath. Jet penetration and level of splashing were also available. For the four

BOF nozzles, the best result to reduce spitting was obtained at the twist angle, hard blow and

Jet penetration
Froude number

high flow. High flow, reduction in bath lance distance and lower nozzle angle promoted a
higher penetration, but with bad results for the process. The energy balance showed to be

Splashing a proper tool to promote adjustments in process.

Nozzle © 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Lance Editora Ltda. All rights reserved.
- main objectives, like for example remove phosphorus without

1. Introduction

The BOF converter is a simple and unique equipment for steel
production. For years, many developments have been added
to the BOF in order to reduce the time of blow, the oxygen
and phosphorus at the end of the blow and to increase the life
of the refractory. In this sense the improvement of the blow-
ing oxygen techniques is essential to reach new challenges
that, in certain circumstances, can be antagonistic in their
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increase the oxidation.

According to Glass et al. [1,2], in the point where the gas hits
the liquid surface, a depression or cavity is formed, the surface
becomes unstable and oscillates in both directions, lateral and
vertical. The transfer of momentum of the gas jet causes cir-
culation of the liquid bath and also causes rising edges around
the depression. After a certain depth of depression, a small rip-
ple, originates around the periphery and breaks into droplets,
which are ejected into the environment when they return and
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DBL - Distance bath lance

L — Total penetration
L, — Static bath level

D — Cavity diameter

D — Converter diameter

Fig. 1 - Bath deformation formed by the jet impact.
Adapted from Odenthal et al. [4].

drag small gas bubbles. This depression may be measured by
two parameters, the depth of the depression measured from
the center of the converter and the diameter of deformation in
relation to the static bath as shown in Fig. 1, adaptation from
Odenthal et al. [3].

This deformed surface is not stable, oscillating in the ver-
tical direction cyclically and with rotations, as investigated in
cold models [4-7]. The impact area of the blast into the bath,
where oxygen reacts, has been called fire point, and there are
studies showing temperatures in this region, around 2300°C
[8]. With the evolution of the blowing time, the foamy stage
involves the blast, changing its characteristics in comparison
to the beginning of refining. The depth of the depression in
the bath liquid can be correlated with the amount of blast
movement through an energy balance at the base of the cav-
ity, according to the following equation, proposed by Szekely
etal. [9]:

(1)

1 2.0
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where pouter, density at the nozzle outlet (kgm~3); pgp, bath
density (kgm~3); vy, jet velocity below the tip outlet along the
jet axis (ms~1); g, gravity acceleration (ms~2); Hc, height of
the bath cavity or penetration (m); ¢, radius of the cavity in
the bath at the stagnation point (m); and o, surface tension
(Nm™1).

According to Meidani et al. [4] if the viscosity and the
surface tension are neglected, the blast penetration can be
expressed in terms of the Froude dimensionless numbers
function of the Froude number, as shown below.

P
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where P, penetration; H, distance between the lance and the
bath to DBL; Fr, Froude dimensionless numbers; p4, gas den-
sity; Vs, gas velocity in the nozzle outlet; Ds, diameter at the
nozzle outlet; p;, liquid density; g, gravity.

For each type of lance, an increase in Froude number
implies an increase in the jet penetration. According to this
theoretical analysis presented by Meidani et al. [4] the jet
penetrating can be expressed in terms of the Froude number
modified according to equation:

2 Pj Pj\?
Fr*:ﬁﬁ(l-i-ﬁ) @)

where K is an empirical constant for each type of lance.

The proposal of this paper is to compare the correlation
between the main blow parameters: lance height or distance
bath lance, flow, kind of tips and penetration and bath move-
ment.

2. Methodology

The experiments were conducted in a physical model of the
“Laboratério de Simulacdo de Processos” (LaSiP) of the School
of Engineering at UFMG, as shown in Fig. 2, which represents
a vessel of 220t of steel.

For the experiments, the vessel was filled with water
at the height that represents the level of the metal bath.
At the compressed air system outlet the lance tips were
connected. To feed the system with compressed air, a
22.5kW compressor was used, capable of providing a max-
imum pressure of 7.87 x10°Pa and a maximum flow of
189m3/h. The experiments obey the geometric and kinet-
ics similarity recommended by Carneiro [10]. Fig. 3 shows
the top and the side views with the difference between the
tips.

InFig. 3, the lance rotation angle 0° corresponds to standard
nozzle (a). The nozzle with torsion angle ¢ is defined in Fig. 3(b).
Axis of lance is at point “P”, inlet nozzle is at point “I” and out-
put at point “O”. Point “J” is the nozzle projection axis over
bath surface. In normal nozzle, the point “P”, input “I” and the
output “O” of the nozzle are aligned, hence point “J” is also in
the same alignment. In nozzle with torsion, point “J” is aligned
with the input “I” and output “O”, not intersecting point “P”,
it means, the center of lance. Thus, torsion angle is defined
by intersection of two lines at point “O”, being the first line,
determined between two exit nozzles going through the point
“P” and the second line, the joining points “I”, input, and “O”,
output, of one nozzle [11,12]. The second group of experiments
was conducted comparing the effects of the angle to the ver-
tical and the smoothing of the nozzle geometry, as shown in
Fig. 4. It can be noted in parts (a) and (b) increase of the angle
to the vertical spacing the nozzles to the other. In part (c) of
Fig. 4 attention should be given to the internal geometry of the
nozzle, consisting of a parabola which goes from the conver-
gent section to the divergent section, with the aim to reduce
the length of the straight segment of the critical diameter, as
presented in detail in Fig. 5.

According to Maia et al. [13], the straight stretch in
the throat region causes a decline in the efficiency of the
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Fig. 3 - Comparison between (a) standard tip and (b) tip with torsion.
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¢ Section C-C

Fig. 4 - Comparison between (a) standard tip, 12° to the vertical and (b) standard tip 7° to the vertical, and (c) tip with

softened nozzle and 12° to the vertical.

Straight length

Critical
diameter

Fig. 5 - Details of the constructive difference between (a) standard tip with 12° to the vertical and (c) tip with softened nozzle

and 12° to the vertical.

transition properties of the gas and consequently loss in
penetration blast. The similarity between the gas speeds
during the blowing can be demonstrated using the Mach
number and the depth of the gas jet penetration is dependent

on the Froude, Reynolds and Weber numbers modified for the
liquid, reflecting the relationship between the gravity force,
viscous force and surface tension forces to the jet [10,14-16].
Table 1 shows comparison of values between dimensionless
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Table 1 - Comparison between dimensionless numbers in the industrial reactor and the physical model of the BOF

converter.

Symbol Unit Description Industrial Physical model
Dimensionless numbers Ma # Mach number 2.07 2.01
Fr* # Froude modified 0.0357 0.04616
Re* # Reynolds modified 7.19E+05 9.09E+04
We* # Weber modified 4.399E+03 2.076E+03

Table 2 — Parameters varied in the tests with torsion.

Nozzle configuration Height Flow rate
Torsion 20 0.250m 160Nm3/h
Torsion 10 0.180m 130 Nm?/h
Torsion 0 0.117m 100Nm3/h

Table 3 - Parameters varied in the tests with varying

vertical angle.

Nozzle configuration Height Flow rate
7 0.250m 160 Nm?/h
12° 0.180m 130Nm?/h
12° softened 0.117m 100 Nm?/h

numbers and the industry parameters and the parameters of
the cold physical model.

Considering that the current tips have many holes and with
varying angles, studies were made isolated [17-21], and it is
necessary to incorporate these two variables, proposing a new
equation, as shown in Eq. (5).

nxpngngéxCOSGXH_2P< P )2

=T _— 5
K?H H x cos 6 )

4xpxgxH3

where 6, the resultant angle between the vertical and torsion;
n, holes number.

Eq. (5) represents the energy balance between kinetic
energy from the nozzles and mass movement into the bath.

The experiments were divided into two steps: one to eval-
uate torsion angle effects and other vertical angle effects. In
both series the nozzle settings, lance heights and flow rate
were changed and the jet penetration and bath movement
were measured. Table 2 shows test parameters that attempt
to evaluate the torsion effect. Tests with parameters shown in
Table 3 evaluate the vertical effect.

3. Results and discussion

3.1. Evaluation of the torsion effect in the penetration
and bath movement

Fig. 6 shows images of the converter with a lance height of
0.117 m, comparing the flow effects and configuration of the
tip with torsion.

For all the flow conditions the tip with a 0° torsion, here
called torsion 0°, showed the highest penetration, reaching the
converter bottom. In practice, it may mean an increased wear
on the BOF converter soles. This condition corresponds to the
hard blow, where the lance is very close to the bath surface.

The behavior of tips 20° torsion and 10° torsion was similar,
mainly influenced by the flow increase. However, there is a
tendency of the tips with torsion to produce independent jets;
this effect is more pronounced in torsion 20°.

For the height of 0.18 m the 0° torsion tip for all the flows
produced jets that touched the converter bottom, the one with
higher flow being the most intense. Again, the independence
among the four jets with the tips with torsion was noticeable,
as shown in Fig. 7.

Comparing the influence of the height 0.117 m, represent-
ing a hard blow due to the short distance to bath, and blow
with 0.180m, representing a normal operating condition, it is
possible to notice the difference caused by the bath projec-
tion. For tips with torsion, the spreading of liquid above the
level of the static bath to a height of 0.117 m is lower when
compared to the height of 0.180 m. For the 0° tip with torsion,
the effect of jet coalescence increases the bath projection,
impinging mainly on the body of the lance. The images also
indicate that jets with greater penetrating power, also pro-
vide a lower tendency to material project. Fig. 8 showed the
effects of the distance bath lance equal to a 0.250m on the
bath.

For the tests performed with a height of 0.250m, only the
tip without torsion presented a jet able to touch the bottom
of the converter. The tips with 10° torsion and 20° torsion
for flows of 100 Nm3/h and 130 Nm3/h showed small penetra-
tions compared to other height. In practice this configuration
resembles the onset of the blow, where the lance is at a greater
distance from the bath. This configuration would be bad for
decarburization, but would produce a more oxidized slag, so
being favorable to melt scrap in the blow beginning, the lime
dissolution and dephosphorization.

As expected, the higher flow rates produce the larger pen-
etrations, since the jets with higher velocities have greater
kinetic energy. The increase in the distance between lance and
bath also shows the decrease in the jet speed in relation to the
outlet speed of the Laval. The configurations with the lower
altitudes had higher levels of penetration. Both results are
consistent with the literature [13,18-20]. The configurations of
tip with a torsion presented a splash effect that are well dis-
tributed and less concentrated on the lance, tending to force
the movement of the bath against the walls of the converter.
The configuration without torsion presented splash concen-
trated on the lance area and with higher ranges of height, in
practice this can lead to more frequent formation of skull on
the lance, being necessary to stop the blow to remove the skull.
Note that the effect of the use of tips with torsion should be
evaluated on the walls of the converter relative to the refrac-
tory wear.

The energy balance calculation was made using Eq. (5). The
penetration measurements were performed by filming each
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Flow 100Nm3/h
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20°
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Torsion
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Flow 130Nm3/h

Flow 160Nm3/h

Fig. 6 - Images illustrating the jet penetration for a 0.117 m height comparing flow effects and configuration of the tip with

torsion.

test. The recordings were started with the static bath then
freed up the test flow, being filmed until the bath showed a
monophase character due to water turbidity caused by mix-
ing with air. It was selected after an image that corresponds
to maximum penetration and penetration depth now deter-
mined.

In Fig. 9, the abscissa represents the distance of the lance
to the bath used in the experiments and in the ordinate the
column of liquid corresponds to the difference of the initial
column or static bath level subtracted from the value of pen-
etration attained in each test. The measured values (black
square) were obtained through the rehearsal footage. On occa-
sions when the jet touched the bottom of the converter, the
value of the liquid column was considered zero. In industrial
terms, this means that potentially the refractory background
converter will suffer premature wear. In terms of the values

Flow 100Nm3/h

Torsion
20°

Torsion
10°

Torsion
OO

Flow 130Nm3/h

calculated, this refractory aggression is attributed to negative
values obtained in the graph. For tips with 0° torsion, in flows
of 160 and 130 Nm?/h the incidence of the jet on the bottom of
the converter for all the lance heights (0.117-0.180 to 0.250 m)
occurred. Just for the 100 Nm3/h flow and 0.250 m height it was
observed that the jet does not reach the bottom of the con-
verter. For this case it is important to note that the two meth-
ods used showed approximate values of the liquid column.

Inserting torsion between the jets of 10° the jet penetra-
tion was reduced. It is observed in Fig. 10, a correspondence
between the measured and calculated values, except when
the jet reaches the bottom of the converter, especially for low
value height lance and high flow.

With increase of the 20° torsion and the lower flow rates
(130 and 100 Nm3/h), there was a good representation of the
values, as shown in Fig. 11.

Flow 160Nm3/h

Fig. 7 - Images illustrating the jet penetration for a 0.180 m height comparing flow effects and configuration of the tip with

torsion.
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Fig. 8 - Images illustrating the jet penetration for a 0.250 m height comparing flow effects and configuration of the tip with

torsion.
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Fig. 10 - Flow x penetration with a 10° torsion tip.
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Fig. 11 - Flow x penetration with a 20° torsion tip.

00

The behavior of the 160 Nm3/h flow for the measured val-
ues was contrary to expectations, because in all circumstances
the jet reached the bottom of the converter. From Eq. (5) and
to tip with torsion type was generated a graph correlating the
dimensionless penetration, term on the left side of Eq. (5) with
the modified Froude number, and the right side of Eq. (5), as
shown in Fig. 12.

From Fig. 9, it is possible to observe the trend of a straight
line and thus it is possible to calculate the value of the K con-
stantin Eq. (5). The calculation for determining the inclination
of the line was performed using the free software Eureka For-
mulize. The results are presented in Table 4.

The K values presented in Table 4 are close to the values
found by Maia et al. [13] in tests that were made using a 1:6
scale converter of the industrial reactor.

Torsion 0°

Torsion 10°

Table 4 - Value of the K constant for different torsion
angles.

Tip type K R?

0° torsion 5.72 0.99627603
10° torsion 4.63 0.99627503
20° torsion 4.62 0.99627557

3.2 Evaluation of vertical angle and geometry of the
Laval in penetration and in the bath movement

Fig. 13, for height of 0.117, shows the penetration for the tests
performed varying the angle of the tip relative to vertical
and geometry of the Laval. The tip with angle of 7° showed
coalescence of the jets, the behavior of independent jets not

Torsion 20°

160— e

140

120 e

80

60

40 o

Penetrac&o adimensional

20 =

Fr*

Fr* Fr*

{») DBL=0.117m

[0 oBL=0.180m

/A DBL=0.250m

Fig. 12 - Dimensionless jets penetration x modified Froude for several lances height and torsion angles.
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Fig. 13 — Images showing the jet penetration with a 0.117 m height comparing flow effects and tip configuration with an

angle to the vertical.

being clearly perceived. For tips with larger opening, 12° and
smoothed geometry, it is perceived in the same scale as the
trend of “decoupling” of the four jets with an increase of the
angle to the vertical. For all settings of the tip the jet touches
the bottom of the converter, from the lower flow to the highest.

The jets of the test were performed at the height of 0.180 m
to touch the bottom for the 7° and 12° tips and softened geom-
etry only when flow is maximum, the jet has enough power to
reach bottom. Again to 12° tips and with softened geometry
there are separate jets, seeing that for greater flow, the effect
is more evident, as shown in Fig. 14.

The mist formed can be compared to projections caused
by jet impact on liquid metal concentrates preferentially in
the region just below the lance, and this dense mist is denser
when the flow is bigger. Thus, there is evidence that in indus-
trial practice these types of tip can generate higher volume of
spray on the lance and consequently increase of skull. This
test must be done carefully, since the model represents only
the behavior of the liquid metal charge, without being con-
sidered, however, the slag effect and temperature in the skull
formation. Fig. 15 shows the behavior for the soft blow.

Thelance height of 0.250 m presented a smaller jet penetra-
tion into the bath, though the jet of the 7° tip had penetration
in the bath enough to touch the bottom converter. For the
height of 0.250 m the effect of jet independence was less pro-
nounced than for lower heights, in this case the interaction
with the environment is crucial to the behavior of the jet. How-
ever when lance increasing height and increasing angle with
the vertical is evident the increase of fog above the static bath
line and in most images, covering body lance.

In summary, the tip of the lance with 7° to the vertical
showed the highest values of penetration, and for all parame-
ters of flow and lance height were able to touch the converter
bottom, this tip was also the one to present a greater degree of
coalescence of jets and through the filming was not possible
to distinguish four jets separately.

All tips presented an area of fog that corresponds, in the
industry practice, to projections of the liquid metal when
in contact with the jet of oxygen. This zone appeared more
dispersed and less dense for the tips with torsion effect.
In the tips untwisted, this region was concentrated just
below the lance and it was denser for higher flow rates. The
presence of projections concentrated in the central region
indicating that these types of tips can have disadvantages
as favoring the formation of skull on the lance during blow-
ing.

The tips with torsion, besides to reduce lance spray, pro-
moted a stirring of the bath toward the walls of the converter.
In these tips the formation of the independent jets was more
effective, although this effect is observed on a smaller scale in
the 7° tips and softened geometry. Once the jets are indepen-
dent there is a great chance that the decarburization basin is
larger and consequently more efficient to shorten the decar-
burization time in industrial processes.

During the experiments after some testing time the bath
acquired counter clockwise rotation movement. This move-
ment profile was observed for all combinations of tips, flow
rates and height. However, in tests with tip with torsion, this
movement profile was achieved with less time.

The analysis of the filming allows observing an interest-
ing phenomenon that occurs when there is independence
between the jets. Despite all the nozzles of the tips being at a
same pressure, the fact that the gas flow is turbulent gener-
ates the alternation among the jets, which causes the effect
that the jets hitting the bath surface have different energies.
The jet flow affects the behavior of others, causing changes in
the penetrations over time. This alternation between jets can
be compared to cyclic pulses in which each moment of a jet
nozzle has more kinetic energy.

Following the same method used for the tests with tip with
torsion angle, the energy balance calculation was made using
equation (5) and the jet penetration values were obtained from
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Fig. 14 - Images showing the jet penetration with a 0.180 m height comparing flow effects and tip configuration with an

angle to the vertical.

the images of the flow prior to complete turbidity, as shown
in Fig. 16.

For tests with the tip 7° with the vertical, the small angle
directs the jet to the bottom of the converter, in this case, only
when there was a flow reduction (100 Nm3/h) and an increase
in the height of the lance (0.250m) the jet did not reach the
bottom of the converter.

In Fig. 17 trials were conducted with tips at 12° to the
vertical, the behavior between the calculated and measured
values showed good consistency, indicating as expected, that
as flow isreduced and height of lance rose, the jet reduces their
penetration in the bath. For flow 160 Nm?3/h, lance heights of
0.117 and 0.180m the jet still focused on the converter bot-
tom. Fig. 18 shows the results obtained for 12° vertical softened
nozzle.

Flow 100Nm3/h

Softened

Vertical
12°

Vertical
70

Flow 130Nm3/h

The calculations for the 12° tip to the vertical and softened
nozzle are the same for the tip 12° to the vertical, because for
the moment balance the calculation variables are the same.
However the measured values differ, usually lower to the ver-
tical 12°. This result is contrary to expectations, according to
Maia et al. [13], being attributed to the difficulty of machining
operation accuracy due to the reduction of the scale.

From Eq. (5) a graph correlating to the dimensionless
penetration was generated, with modified Froude number dis-
played on as seen in Fig. 19.

The calculation for determining the slope of the straight,
the constant K, was done using the free software Eureka For-
mulize. The K values presented in Table 5 are close to the values
found by Maia et al. [13] in experiments using a 1:6 scale con-
verter of industrial reactor.

Flow 160Nm3/h

Fig. 15 - Images showing the jet penetration with a 0.250 m height comparing flow effects and tip configuration with an

angle to the vertical.
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Fig. 18 - Flow x penetration with a softened 12° tip to the vertical.

J MATER RES TECHNOL. 2014;XXX(XX): XXX-XXX 11
7° Vertical
Flow 160Nm3/h Flow 130Nm%h Flow 100Nm%/h
0.160 0.160 0.160
0.120 0.120 0.120
£ 0.080 0.080 0.080
£ 0040 0.040 0.040 -
=]
g 0.000 - " s—8— 0.000 - . 0.000 e
5 8,doo 0.100  0.200 “* 0.400 _00ad900__ 0100 4200  0.300 0.000 0.100>  0.200 0.300
2 -0.04 . o —-0.040
g <
3 -0.080 -0.080 -0.080
< 0.120
-0.120 -0 -0.120
-0.160 -0.160 -0.160
DBL (m) DBL (m) DBL (m)
& Lo-penetration  ® Measured value
Fig. 16 - Flow x penetration with a 7° tip to the vertical.
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Fig. 17 - Flow x penetration with a 12° tip to the vertical.
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Fig. 19 - Penetration of dimensionless jet x modified Froude
geometry.

for several lances height, angles to the vertical and softened

Table 5 - Value of the K constant for different angles to
the vertical.

Tip type K R?

7° vertical 5.72 0.99627603
12° vertical 4.63 0.99627582
12° vertical softened 4.62 0.99627582

4. Conclusions
The conclusions obtained from the experiments made in the
cooling model of Plexiglas in geometrical scale 1/6 for a 220t
BOF vessel converter of steel.

The main conclusions on the jet penetration are:

1. Reducing the distance lance bath (0.118 m) increases the
penetration jet and touched converter bottom (0.230 m).

2. The standard tip reaches converter’s bottoms at all dis-
tances bath lance.

3. The increase of the flow rate (160 Nm?3/h) and the distance
bath lance (0.250 m) form jet scattering helping gas-water
emulsification.

4. The tip with 20° torsion provides independent jets and
larger atomization in the bath by jets.

5. The standard tip and 10° of torsion showed coalescence of
the jet.

The jet penetration is a good indication of the momentum
transfer from the jet to the bath and can be a great tool to
guide changes in patterns of lance height, flow and tip config-
urations in industrial practice.

In this sense the main conclusions are:

1. The comparison of jet penetration values showed good con-
sistency (R?>0.99).

2. The jet penetration increases with increasing modified
Froude number.

3. The values of the constant K between 4.62 and 5.72 found
have consistency with other published works.

This work allows continuity in the steelworks correlating
changes in the parameters presented and response of the pro-
cess variables, allowing metallurgical adjustments in refining
steel process.
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