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1 Introduction

The introduction of a bottom blown converter at
Kawasaki Steel in 1977 and the subsequent improve-
ment of bottom blowing technology demonstrated that
the bottom blown converter can be operated economi-
cally on an industrial scale and that the characteristics of
the metallurgical reaction in the bottom biown conver-
ter are far superior to those of the top blown converter.
As a result of these efforts, intensive developmental
work was carried out to improve the metallurgical reac-
tion in the top blown converter by introducing bottom
blowing technology. Kawasaki Steel developed two types
of top-and-bottom blown converter, the K-BOP and the

* QOriginally published in Kawasaki Steel Giho, 21(1989)3,
pp. 168-174
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Synopsis:

Kawasaki Steel has developed two types of top and
bottom biown converters, namely K-BOP and LD-KGC.
K-BOP blows part of the oxygen gas together with lime
through bottom tuyeres. As for LD-KGC, an inert gas is
injected through bottom tuyeres and the oxygen gas Is
blown through the top lance. Stirring force was intensified
by increasing the flow rate of the bottom-blown inert gas
in LD-KGC and by mixing the inert gas with boftom-
blown oxygen at the final stage of the refining in K-BOPF.
The role of the bottom-blown gas for the improvement in
metallurgical reaction was studied by changing the partial
pressure of CO and stirring force. These studies have
revealed that preferential decarburization is more affected
by stirring force rather than partial pressure of CO in the
bottom blowing gas. In order to quantitatively understand
the metaflurgical reaction in converter, a new reaction
model was theoretically developed by considering the
stirring effect on changes in carbon and oxygen concentra-
tions. On the basis of the above results, the carbon
monooxide gas to LD-KGC, and carbon dioxide gas to
K-BOP have been used in practice. Studies on smelting
reduction of chromium ore in K-BOP are aiso briefly
described.

LDKGC. The K-BOP is characterized by strong stirring
of the moiten steel by the high volume of bottom blow-
ing of oxygen gas together with pulverized lime. Fea-
tures of the LD-KGC, on the other hand, are its wide
range controflability of the flow rate of the bottom
blowing gas and moderate investment cost.

In this report, the following recent advances in K-
BOP and LD-KGC technology at Kawasaki Steel will be
discussed. Development of the LD-KGC, mixed-gas
bottom blowing (IOD) in the K-BOP, use of CO as a
stirring gas in the LD-KGC, and smelting reduction of
chromium ore to produce stainless steel in the K-BOP.

The stirring characteristics of bottom blowing gas will
be discussed in terms of the metallurgical reaction. In
particular, the contributions of stirring force and the
dilution of Py of the bottom blowing gas to the metal-
lurgical reaction will be discussed on the basis of experi-
ments conducted with a 5-1 test converter.



2 Development of Top-and-Bottom Blown
Converter with Wide Range Gas Flow Rate
for Stirring' ™"

To produce a wide range of steel grades from low
carbon to high carbon steel in the same converter, in
addition to the durability of the tuyeres, wide range
control of the flow rate of the bottom blowing gas is
necessary from the viewpoint of control of the iron
oxide in the slag. To accomplish this, special tuyeres
consisting of small steel pipes assembled in bundles
have been used.” This type of tuyere was, however,
complicated and very expensive, Moreover, the range of
the flow rates with this tuyere was not sufficient.

With the establishment of hot metal pretreatment
facilities, the need for dephosphorization in the con-
verter has been eliminated so that for low carbon steel,
preferential decarburization can be performed through
intensive stirring in the converter. In addition, use’ of a
large amount of bottom blowing gas in the final stage of
refining is desirable as it permits the smelting reduction
of manganese ore in the top-and-bottom blown con-
verter.

To meet these requirements, Kawasaki Steel deve-
loped a new type of top-and-bottom blown converter
with wide control range of flow rates for bottom blow-
ing gas (LD-KGC).

2.1 Fundamental Investigation of High-Pressure
Gas Bettom Blowing with Celd and Hot
Model Experiments

Figure 1 is a schematic drawing of gas flow through a
tuyere. The flow rate of compressive fluid in the tube is
described by the following equation®:
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Where, L and P are the length and diameter of the
tube{m), A is the coefficient of friction, R is a gas con-
stant, x« is the specific heatl ratio, M, and M are the
mach numbers at the inlet and outlet of the tube, m is
the mass flow rate of the gas, and P, and T, are the
pressure and temperature of the gas at the tube inlet.

Equations (1) to {4) show that the flow rate can be
controlled over a wide range by changing the gas pres-
sure at the inlet of the tube because of the proportional-
ity between the gas pressure and mass flow rate.
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Fig. 2 Relationship between base pressure and gas
flow rate

To verify Eqgs. (1) to (4), experiments with a water
model and hot model were carried out”. First, the
water mode] experiments were carried out. This experi-
ments revealed that the flow rate of the gas through the
tube is proportional to the pressure at the inlet of the
tube from 5 to 100 atm. Second, a stainless steel pipe
was installed at the bottom of the 5-t converter and
nitrogen was injected through the pipe. The diameter
and length were 0.1 cm to 0.15 cm and 45 cm, respecti-
vely. Figure 2 shows the relation between the flow rate
of the bottom blowing gas, QNz and the pressure in the
pipe, P.

These experiments made it clear that the flow rate of
the bottom blowing gas is proportional to the pressure
in the pipe, even in hot model experiments. The flow
rate of the bottom blowing gas can be controlled
from 40 to 800 N//min by changing the pressure from 5
to 100 atm with a stainless steel pipe 0.15cm in inner
diameter. In this case, neither leakage of liquid iron into
the tuyere nor drilling of the gas jet through the bath
was observed.

2.2 Installation of High-Pressure Gas Blowing
in Commercial Converter

A compressor was installed in the bottom blowing gas
line of the 150-t converter at No. 2 Steelmaking Shop at
Chiba Works in 1984 to realize high pressure gas blow-
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ing at rates up to 50 atm. After confirmation of the
wide controllability of bottom blowing gas flow rates,
similar equipment was instailed at the 180-t converters
at Mizushima Works, where the bottom blowing gas
was pressurized to 43 atm. ‘

Figure 3 shows an outline of the facility. The nitrogen
and argon used as bottom blowing gases are pressurized
to 50 atm and stored in receiver tanks.

The range of flow rates of bottom blowing gas at
Chiba Works is 0.0] to 0.14 Nm?/min per ton of steel.
On the basis of the experimental results at Chiba
Works, the range of flow rates at Mizushima Works was
enlarged to 0.005 to 0.2 Nm’/min per ton of steel

Adoption of high-pressure gas blowing makes it pos-
sible to secure the metallurgical benefits of bottom
blowing by enlarging the range of flow rates while
avoiding problems such as tuyere clogging and tuyere
erosion.

in addition, the cost of process gas for bottom blow-
ing can be reduced by decreasing the bottom gas flow
rate to the minimum amount during the first and
middle stages of blowing without causing tuyere clog-
ging.

2.3 Metallurgical Characteristics of LD-KGC

In routine operation, the bottom blowing gas flow
rate is kept low through the first and middle stages of
refining to prevent slopping. The gas flow rate is then
increased to the maximum value to prevent excess
oxidation of iron and to promote preferential decarburi-
zation.

Figure 4 shows the effect of the bottom blowing gas
flow rate during the final stage of refining on the iron
content of the slag, (%T.Fe). The values of {%T.Fe)
decrease with increases in the flow rate, resulting in
improvement of iron yield.

It was reported previously that the optimum flow rate
of bottom blowing gas for improvement of the charac-
teristics of the metallurgical reaction is approximately
0.1 Nm?/min per ton of steel®. Nevertheless, it became
avident from experimental data that the characteristics
of the metallurgical reaction can be improved by
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increasing the flow rate of blowing gas above 0.1 Nm?/
min per ton of steel

Based on these experimental results at Chiba Works,
the maximum flow rate of the bottom blowing gas was
increased to 0.2 Nm*/min per ton of steel in the 180-t
LD-KGC at No. 1 Steelmaking Shop at Mizushima
Works. The (T.Fe) in the 180-t LD-KGC at Mizushima
Works is also shown in Fig. 4. It is clear that the vaiues
of (T.Fe) in the LD-KGC can be decreased to a level
equivalent to those in the Q-BOP or K-BOP for low car-
bon steel. Similar improvement in manganese yield and
oxygen content at blow end has aiso been obtained by
increasing the gas flow rate.

2.4 Tuyere Durability in LD-KGC”

The durability of bottom blowing tuyeres has been
improved markedly by improving the refractory mate-
rials in the bottom area of the vessel, the configuration
of the tuyere, and slag coating practice.

High pressure gas effectively prevents the tuyere from
clogging during the slag coating operation, so that dete-
rioration in the characteristics of the metallurgical reac-
tion is not observed?.

Today the life of the tuyeres in the 180-t LD-KGC at
Mizushima Works is over 6000 charges without a tuyere
change, even when high-flow rate bottom blowing of up
to 0.2 Nm®/min per ton of steel is conducted.

3 Development of CO Gas Bottom Blowing
Process in Combined Blown Converter”

The gases used for bottom blowing in the LDKGC
have conventionally been either N; or Ar. However,
nitrogen cannot be used in producing low nitrogen steel
due to nitrogen pick up. The use of Ar gas for bottom
blowing is effective for lowering the nitrogen content of
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Fig. 5 Relationship between utilization efficiency of
oxygen gas for decarburization and [%C]

the steel, but Ar gas is expensive,

Research and development to produce CO gas at rea-
sonable cost were therefore intensively pursued. These
R&D efforts yielded an economical process termed
COPISA (CO pressure induced selective adsorption)”,
which makes it possible to purify converter off-gas to a
high purity CO gas of ca. 99%.

When high purity CO gas became available at
reasonable price, the metallurgical characteristics of
CO bottom blowing were investigated with a 5-t con-
verter to clarify the possibility of the use of CO gas
as a bottom blowing gas. Based on the experimental
results, commercial use of CO gas as a bottom blowing
gas has been adopted at the 180-t LD-KGC at No. 1
Steelmaking Shop at Mizushima Works,

3.1 Experiments with CO Gas Bottom Blowing
in 5-t Test Converter

The relationship between the oxygen utilization effici-
ency for decarburization and {%C] is shown in Fig. 5.
The efficiency with CO is equivalent to that with N,
According to this result, the rate of CO dissolution into
the steel melt is small, and hence CO can be used as a
bottom blowing gas.

As shown in Fig. 6, the relationship between [%C]
and [%0] at the blow end for CO blowing is the same
to that for N, blowing, being in equilibrium with a gas
phase of Pgg + PCO2 = 1 atm. In addition to the above
results, no difference was observed between the metal-
lurgical reaction for CO blowing and that for N, or Ar
blowing.

3.2 Application of CO Gas Bottom Blowing to
Commercial LD-KGC

Commercial use of CO as a bottom blowing gas
began at the LD-KGC at No. 1 Steelmaking Shop at
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Fig. 7 Schematic drawing of process gas supply sys-
tem in Mizushima Works

Table 1 Specifications of gas composition %)
(]
‘ co CO; N H, o
BOF gas >Ti <14 <13 <1.2 0.2~0.3
Product >98 <0.4 <1.6 —

<1ppm

Mizushima Works in June 1985 after the experimental
studies with the 5-t converter. The flow chart of this
system is shown in Fig. 7. The COPISA facility at
Mizushima has a capacity of 410 Nm’CO/h, of which
250 Nm?/h is supplied to a chemical plant for synthetic
chemical use and the rest of the LD-KGC shop.
Table 1 shows the specifications of the converter off-
gas and the CO gas purified by COPISA. The average
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nitrogen content of the purified CO gas is about 1%,
but no difference was observed between the nitrogen
content at blow end for CO blowing and that for Ar
blowing.

As confirmed with the 5-t converter, there is no
difference between the metallurgical reaction in CO bot-
tom blowing and in argon or nitrogen bottom blowing,
even in the commercial L.D-KGC. As shown in Fig. 6,
the relation between {%C] and [%0] for CO blowing in
the 180-t LD-KGC is similar to that in the 5-t LD-
KGC.

Use of CO contributes to improvement in iron and
manganese yields by preventing excess oxidation while
reducing the operational cost for botiom blowing gas.

4 Effect of Gas Species for Mixed Gas Blowing
(I0D Practice) in K-BOP on Characteristics
of Metallurgical Reaction

In comparison with the LD-KGC, one third of the
oxygen necessary for decarburization is blown through
the bottom tuyeres in the K-BOP process, and hence a
high flow rate bottom blowing can be realized to stir
molten steel without any cost penalty for stirring gas.
The stirring intensity of the oxygen, however, depends
on the rate of CO generation in the decarburization
reaction, and gradually decreases with decreasing carbon
content over the course of refining.

Mixing of inert gas with the bottom blown oxygen in
the final stage of refining has been successfully practiced
with the 250-t K-BOP to prevent the above-mentioned
decrease in stirring intensity'”. This method, termed
10D (inert and oxygen gas decarburization), shows the
same metallurgical characteristics as those in the OBM/
Q-BOP process.

It has been considered that the following two effects
of the bottom biowing gas in the combined blown con-
verter decrease [%0)] and (%T.Fe): the enhancement of
bath stirring and hence decrease in difference between
operational values and thermodynamic equilibrium
values, and the dilution of the partial pressure of CO
gas in the converter resulting in the changes in thermo-
dynamic equilibrium values. From the latter point of
view, inert gas such as Ar or N, may be superior to CO
or CO, gas.

According to the operational resuits of the top-and-
bottom blown converters at Kawasaki Steel, however,
improvement of the metallurgical reaction by the use of
bottom blowing does not depend on the gas species
used, but on its flow rate.

To quantitatively evaluate the effect of gas species on
the characteristics of the metallurgical reaction, experi-
ments were carried out with the 5-t converter using two
kinds of gases as the mixed gas in IOD practice, namely
Ar and COZ
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4.1 TOD Experiments in 5-t Converter

A schematic diagram of the 54 K-BOP is shown in
Fig. 8. Oxygen gas is blown through the inner tube of
the bottom tuyeres with pulverized lime in the first and
middle stage of refining, and mixed gas in the final
stage. Propane gas is blown through the outer annulus
of the tuyeres as a protective coolant. Through the top
lance, only oxygen is supplied to the iron melt bath.

Improvement in the efficiency of oxygen for decarbu-
rization and a decrease in [%O0] and (%T.Fe) are
observed in TOD practice. However, no difference is
observed between the characteristics of the metallurgical
reaction in the IOD mode with CO, and that with Ar
or N,. ’

The relationship between [%C] and [%0] at blow end
is shown in Fig. 9. The [%C) vs. [%0] relationship in the
10D mode is equivalent to the value calculated thermo-
dynamically on the assumption that Peg + Peo, = 0.5
to 0.6 atm. It is interesting that there is no effective dif-
ference between the [%C] vs. {%0)] relationship in 10D
practice with CO, mixing and that with Ar mixing,
afthough a large difference exists between the dilution

Tnner tube Quter tube
e CisHzs
O {Coolant)
N=
Ar
o ——— 5t K-BOP
Fig. 8 Schematic picture of the 5-t K-BOP used for
experiments
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\ rdinary blowing
1‘ o bottom gas: Oz o| K.BoF
010 v
\ IOD blowing ®{ C0:2-0:
1 bottom gas;
0.08 “ O:+Ar, O+ CO2 |A] Ar-0:
e ¥ 1
\\ ‘ﬁ
— o
S 006; @ 85 N\ Equilibrium line
by ‘a0
\t A Pro+ Poay=1.0(atm)
s b . \‘;
04 {atm)
e A
002 1 \.\""—-
* . ®
n Il 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.2
[#6C)
Fig. 9 Relationship between [%C] and [%O] in 5-t

K-BOP
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of CO gas pressure by CO, and that by Ar

4.2 Commercial Operation of 10D in 250-t
K-BOP at Mizushima Works

Mixing equipment was installed in the bottom blow-
ing gas line of the 250-t K-BOP at Mizushima Works to
automatically control the ratio of oxygen to inert gas
depending on the carbon content of the melt through
the course of refining'”. Preferential decarburization has
been achieved by 10D, resulting in lower [%Q] and
(%T.Fe) at blow end than with the conventional K-
BOP'™. The 10I} process is being used in routine ope-
ration and contributes to the improvement of iron and
manganese yield in low carbon steel production.

Based on the experimental results with the 5-t con-
verter, CO; is now used as the mixing gas in the 10D
mode with the K-BOP in commercial production.

S Effect of Bottom Blowing Gas on Characteristics
of Metallurgical Reaction in Converter'”

5.1 Mathematical Model Describing
Decarburization and Deoxidation in Converter

The above-mentioned experimental results made it
clear that the decrease in [%0] at blow end in the com-
bined blown converter is not affected by the Pqq of the
bottom blown gas, but is affected by its stirring force.

However there is no study which explains the fact
that [%0] at blow end in the combined blown converter
is not determined by Pco in the gas phase. That is, the
phenomenon that [%0] at blow end is independent of
the kind of the bottom blowing gas has not been satis-
factorily elucidated. To clarify this phenomenon, a new
mathematical model'? for describing decarburization
and deoxidation in the converter was proposed below,

The major part of the oxygen supplied to the iron melt
bath is consumed for decarburization: the remainder
accumulates as dissolved oxygen in the steel and as iron
oxide in the slag. Expanding the theory of Hsieh and others™
for estimating the circulating flow rate of molten steel in
the converter, a new reaction model has been developed.
(A detailed interpretation of the reaction model is pro-
vided in reference {12)). Using various assumptions, the
mass balances of carbon and oxygen in the bath and that
of iront oxide in the slag can be written as:

W (dConfdt) = g{Ch — Cop) + J(CE — Con) - -(5)

W(dCepfdt) = q(CE — Cep)vovrvreereraen, (6)
Wy % dCren b _ _ Creop _ dWs
- Fe X
100 dt 100 dr
71.9 1
+—x —xJ x(Cop— CHY} - (7
% = 100 (Cop &M

Where, W is mass of the molten steel (kg), g is the
circulating flow rate of the molten steel (kg/min), J is a
factor which determines the mass transfer rate between
the metal phase and slag phase (kg/min), Mg, is the
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production rate of iron oxide {i.e. FeQ) in the reaction
zone by the supplied oxygen (kg/min}, €}, b is the con-
centration of component j in the metal or slag (%) (the
subscripts j denote C, O or FeQ), C} is the concentra-
tion of component j in the reaction zone (%) and Co**
is the dissolved oxygen concentration in equilibrium
with gy in the slag (%), which is calculated with the
thermodynamical value recommended by the Japan
Society for the Promotion of Science'¥.

Assuming furthermore that excess oxygen exists in
the reaction zone which corresponds to the hot spot
formed by the oxygen jet, ar.o in the reaction zone is
taken as unity (i.e., 1). Assuming that the concentration
of carbon and oxygen in the reaction zone is in equilib-
rium with ap.o (=1) in the reaction zone, these factors
can be calculated for Pgg in the hot spot.

Using the carbon and oXygen concentrations in the
reaction zone, calculated as described above, mass
balances of carbon, oxygen, and iron oxide in the reac-
tion zone are given by Eqs. (8), (9) and (10). Equation
(10) is the overall oxygen balance in the reaction zone.

GCop— CO =HCE—Co) vovvrevrnenn (8)

g(Cop — C8) = 1{Ch — Co,e) ............ (9)
71.9 719 1

1“\[ = —— + —— P I Cﬂ: _ C .

FeO 11.2Q T X o6 x I x (C} o.e)

L T

12100

Where, [ is a factor representing the intensity of mix-
ing in the reaction zone (kg/min) and Q is the feed rate
of oxygen (Nm?*/min).

Under these conditions, carbon in the metal, C_,,
oxygen in the metal, C,,, and iron oxide in the slag,
Crep.p Were calculated numerically at a given time step.
For the purpose of the calculation, the circulating flow
rate of metal, ¢, is given by Eq. (11)'”, using the mea-
sured value of mixing time, t, of the bath.

q:6_0x3)<W ..................... (1n

T

In these calculations, two parameters, namely /7 and
J, were determined as follows: The first assumption is
that J is proportional to /. The values of [/ for three
types of converters were determined to obtain reason-
able agreement between the oxygen utilization effici-
ency for decarburization given by the mathematical
model and observed values.

5.2 Results Calculated Using Mathematical
Model

Table 2 shows the values of the parameters used in
calculation. In the following calculations, we assumed
that Pey + Pco, = | atm. Figure 10 shows the behaviors
of [%C] and [%] calculated during blowing in the LD-
KGC, K-BOP and Q-BOP, using these parameter values.

As the intensity of stirring by the bottom blowing gas
increases, [%Q] calculated by the reaction model
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Table 2 Values of parameter used in calculation

| @ kgmin)

J (xgjmio)

I (kg/min) \
LD-KGC 2.4% 104 8.0x10° | 5.0 x10¢
K-BOP 4.5% 10¢ 1.0x10¢ | 6.25x10¢
Q-BOP 6.0x 104 1.2x 104 1 7.5 x10*
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Fig. 10 Decarburization behaviors of LD-KGC, K-
BOP and Q-BOP calculated by the reaction
model

decreases. The product of {%C] and [%0] calculated by
the reaction model is less than the equilibrium value
calculated thermodynamically on the assumplion that
Poo + Pc01=latm‘

These results are explained as follows: With increas-
ing intensity of stirring by the bottom blowing gas, the
decarburization rate in the reaction zone increases,
while the rate of iron oxide production in the reaction
zone decreases. Consequently, the oxygen potential of
the slag becomes smaller than that of the metal, and
oxygen transfer from the metal to the slag occurs. The
amount of oxygen transfer increases as the difference
between the oxygen potential in the metal and slag
becomes greater.

The difference between the two becomes larger with
decreasing carbon concentration because of the rapid
increase in the oxygen potentiai of the metal It also
becomes larger as the stirring force of the bottem
blowing gas increases, because the rate of iron oxide
formation decreases. Therefore, the amount of oxygen
transfer increases with increasing stirring force of the
bottom blowing gas or with decreasing carbon concen-
tration in the molten steel.

The reason why decarburization and deoxidation pro-
ceed to a point below the values calculated thermodyna-
mically on the assumption that Pco + PCO2 = | atm can
be explained by the oxygen transfer from metal to slag.
The effect of the partial pressure of CO on the decarbu-
rization rate is small because decarburization proceeds
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in the hot spot, where ag is unity.

Behaviors of (T.Fe) in the slag during blowing in the
three types of converters were also calculated. The
(T.Fe) calculated by the mathematical model decreases
with increasing stirring intensity, and agrees qualitatively
with the observed values in the 5-t converter and com-
mercial converters'”. The mathematical model gives a
reasonable explanation of the behaviors of both [%0] in
the steel and (%T.Fe) in the slag during blowing.

Behaviors of [%0} and (%T.Fe) in the 10D mode
were also calculated, taking into consideration the effect
of Poo. Stirring intensity in the 10D mode in the low
carbon range improved compared with oxygen bottom-
blowing in the K-BOP. Hence, assuming that the stir-
ring intensity in the 10D mode is similar to that in the
Q-BOP process, ¢, [ and J in the Q-BOP process may
be used as a basis for calculations regarding the 10D
mode. Figure 11 shows the behavior of [%0] calculated
by the mathematical model during operation in the
10D mode with Ar (Pco + Peo, < 1 atm} and with CO,
(Peg + PCO2 — 1 atm). Figure I1 also shows the change
in Pco during blowing. There seemed to be little differ-
ence between the two, except that in the ultra low car-
bon region [%C]< 0.02. Excellent agreement was
obtained between these computed results and results
observed with the 5-t K-BOP, as shown in Fig. 9.
Hence, the decrease of oxygen and (%T.Fe) in the 10D
mode is considered to be the contribution of the
increase in stirring intensity obtained by mixing inert
gas into the bottom blowing gas.

6 Development of Smelting Reduction of
Chromium Ore for Stainless Steel Production
in K-BOP'®

Recently, intensive study of the possibility of the
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smelting reduction of chromium ore in the converter
has been carried out, aimed at producing stainless steel
without the use of ferrochromium!™'®_ This problem
was also studied with the 5-t converter, mainly to clarify
the effect of various methods of adding chromium ore
on its rate of reduction. Based on these experiments, a
stainless steel production system using two 85-t K-BOPs
at the No. | Steelmaking Shop in Chiba Works has
been developed with the use of smelting reduction pro-
cess'.

6.1 Smelting Reduction of Chromium Ore in 5-t
Converter

Experiments were carried out with the 5-t converter
to determine suitable conditions for smelting reduction
with the K-BOP converter. After 5t of hot metal were
charged, ferro-chromium alloy and coke (or coal) were
added to the metal and oxygen was blown through the
bottom tuyeres and top lance to adjust the temperature,
carbon, [%C),, and chromium concentration, [%Ct],, to
the aimed values. Chromium ore and carbonaceous
material were then continucusly charged during oxygen
blowing, and the actual experiment on smelting reduc-
tion was begun. Temperature and carbon concentration
in the iron melt were kept at the atmed value through-
out blowing by changing the feed rates of the carbona-
ceous material and chromium ore. Two types of chrom-
ium ore were used, a sand-like ore with an average
diameter of less than 0.5 mm and pre-reduced chrom-
ium pellets.

Figure 12 shows the eflects of temperature and [%C]
on the concentration of chromium oxide (%Cr;0,),
remaining in slag when the pre-reduced chromium pel-
lets were used. The conditions for attaining a chromium
oxide concentration of less than 3% are shown in the
shadowed area, where the yield of chromium recovery
in the iron melt is estimated to be higher than 96%.

The equilibrium value caiculated by Eq. (12)?¥ and
that calculated by Fq. (13)' are also shown in Fig. 12.

1609,

1 550

Temperature ()

1300

1450

[7cC]

Fig. 12 Effects of [%C] and temperature on reduc-
tion of (Cr,0;)

Neo. 22 May 1990
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log == =876 — 0 12

& %C T (2

log acifeo g4 13520 (13)
dgc T

The observed carbon concentration and temperature
required to reduce chromium ore is higher than these
equilibrium values. According to these results, in addi-
tion to thermodynamic conditions, promotion of the
rate of dissolution of the chromium ore and its rate of
reduction is considered important to obtain a high
chromium ore recovery rate.

When raw chromium ore is injected through the bot-
tom tuyeres, its recovery in the metal is about 30—50%.
Recovery of chromium ore crushed to 14 um is 80—
90% at [%Cr],=0. However, recovery decreases as
[%Crle becomes higher. Because these results indicated
that the promotion of chromium ore melting is impor-
tant, the injection of chromium ore with oxygen into
the hot spot through a triple concentric tuyere was ex-
amined. By this method, a high rate of raw chromium
ore recovery was obtained independently of {%Cr),. This
process using the triple concentric tuyere is effective for
obtaining a high chromium ore recovery rate, but wear
of the tube transporting the chromium ore poses a
practical problem, which was solved by biasting the
chromium ore through the top lance. This newly deve-
loped technique was termed the flash smelting process.

Figure 13 shows the effect of bath temperature on the
content of chromium oxide remaining in slag with vari-

Cr ote and lumpy coke % coke addition in
are added through mouth excess of oxygen supply
Cr ore and pulverized coal O top lance with Oz
are injected through A boltom tuyere with Q2
; 1
bottom tuyere or top lance o bottom tuyere without Oz
\O
10}
o
s} o
S 6
e ¢
ns
2 -
[22C)>4
0 I 1
1450 1500 1550 1600 1650 1700
Temperature (T}
Fig. 13 Relationship between temperature and

{%Cr,0;) in slag in various addition methods
of carbonaceous material and chromium ore
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Fig. 14 Schematic illustration of stainless steel production system in Chiba Works with the use

of smelting reduction process

ous methods of adding the raw chromium ore a.né car-
bonaceous material. Flash smelting is more effective in
reducing the chromium ore than the process using the
triple concentric tuyere.

As most chromium ore is produced in powder form,
an efficient method of feeding chromium ore into the
converter is important. Flash smelting has the advan-
tage of high efficiency in this respect.

Addition of a stoichiometrically excess amount of
coke, however, also enhances the reduction atomos-
phere and increases the number of reaction sites be-
tween coke and chromium oxide in the slag, as shown
in Fig. 13. A similar effect on the reduction rate of iron
ore was also observed®!.

6.2 Smelting Reduction of Chromium Ore in
85-t K-BOP"

The results of basic studies conducted with the 5-t
converter were incorporated in a commercial production
line with two 85-t K-BOP vessels at No. 1 Steelmaking
Shop in Chiba Works. The flow of the process is shown
in Fig. 14. Time available for smelting reduction is
limited by the operation of the downstream continuous
casting facilities, Pre-reduced chromium pelleis are used
because reduction of this material requires less heat
than raw chromium ore.

Dephosphorized hot metal is used and pre-reduced
chromium pellets and lumpy coke are added through
the mouth of the converter. After smelting reduction,
chromium-containing hot metal is tapped, slag is
skimmed, and the hot metal is charged into a second K-
BOP. This process makes it possible to replace expensive
chromium alloy with chromium ore, with significant
economic advantages.

6.3 Decarburization of Stainless Steel in
K-BOP?

fn the production of stainless steel at Kawasaki Steel,

20

two converters are used, one for the smelting reduction
of chromium ore and the other for decarburization, as
shown in Fig. 14. Both converters are of the K-BOP
type, which has the following advantages as a decarburi-
zation process for stainless steel: (1) Not only mixed
gas, (0, + Ar), but also pure oxygen can be injected for
refining because the bottom tuyeres are protected Dy a
coolant gas such as propane. This means that ordinary
steel can be economically refined in the same converter
by stopping the mixing of inert gas. (2) Top-and-bottom
blowing permits the supply of oxygen at higher flow
rates, and hence high-speed decarburization can be
achieved.

7 Conclusions

Recent advances in top-and-bottom blown converter
technology at Kawasaki Steel Corp. were reviewed, and
may be summarized as follows:

(1) By introducing bottom blowing of high pressure
inert gas up to 50 atm, wide range controllability of
the flow rate of bottom blowing inert gas has been
realized in the LDKGC converter, making it pos-
sible to produce steels of low to high carbon con-
tents in the same converter.

Experiments were carried out with a 5-t converter
in order to evaluate the effects of stirring force and
the dilution of Pcg by the bottom blowing -gas on
the characteristics of the metallurgical reaction in
the converter. Experimental results made it clear
that the effect of the dilution of Pco by the bottom
blowing gas is small. Based on these results, carbon
monoxide has been used as a bottom blowing gas to
reduce the gas cost for stirring the steel bath in
LD-KGC, with the same metallurgical effects as
argon or nitrogen. Mixing of inert gas or carbon
dioxide with oxygen in the final stage of refining in
the K-BOP has been commercialized and effectively

2
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prevents excess oxidation of iron in low carbon steel
production.

(3) A new reaction model was proposed, and convin-
cingly explains the metallurgical reaction in the con-
verter when bottom blowing gas is used. The model
suggests that the phenomena that oxygen concen-
tration reduces to a point below the equilibrium
value on the assumption that Prg + PCO2 =1 atm
can be explained by the transfer of oxygen from the
metal to the slag.

{4) Experiments were carried out with a 5-t converter
to determine suitable conditions for smelting reduc-
tion in the K-BOP. Based on these results, a smelt-
ing reduction process for chromium ore has been
cominercialized for the production of stainless steel
in the K-BOP vessels at No. 1 Steelmaking Shop in
Chiba Works to reduce the consumption of expen-
sive chromium alloy.
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