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A direct smelting process for producing molten iron and/or ferroalloys from a metalliferous feed material is disclosed. The process Is
a molten bath based process that Is carried out In a direct smelting vessel. The process Includes the steps of supplying
metalliferous feed material, carbonaceous material and fluxes into the vessel: smelting metalliferous feed material to molten iron In
the molten bath; and injecting an oxygen-containing gas into the vessel to post-combust gases generated in the process. The
process Is characterised by controlling the level of molten metal in the vessel by adjusting the pressure Iin the vessel.
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ABSTRACT

A direct smelting process for producing molten iron
and/or ferroalloys from a metalliferous feed material is
disclosed. The process is a molten bath based process that
is carried out in a direct smelting vessel. The process
includes the steps of supplying metalliferous feed
material, carbonaceous material and fluxes into the vessel;
smelting metalliferous feed material to molten iron in the
molten bath; and injecting an oxygen-containing gas into
the vessel to post-combust gases generated in the process.
The process is characterised by controlling the level of
molten metal in the vessel by adjusting the pressure in the

vessel.
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CONTROL OF MOLTEN MELAL LEVEL IN A DIRECT SMELTING VESSEL

The present invention relates to a process for
producing molten iron and/or ferroalloys from -a
metalliferous feed material, such as ores, partly reduced
ores, and metal-containing waste streams, in a

metallurgical vessel containing a molten bath.

The present invention relates particularly to a
molten bath-based direct smelting process for producing-
molten iron and/or ferrocalloys from a metalliferous feed

material.

The term "direct smelting process" 1s understood to
mean a process that produces a molten metal (which term
includes alloys), in this case iron and/or ferroalloys,

from a metalliferous feed material.

The present i1invention relates more particularly to a
molten bath-based direct smelting process which relies on
a molten metal layer as a smelting medium and 1is

generally referred to as the HIsmelt process.

In general terms, the HIsmelt process includes the

steps of:

(a) forming a molten bath having a metal layer and a
slag layer’ on the metal layer 1n a direct smelting

vessel;

(b) injecting metalliferous feed material and solid
carbonaceous material 1into the metal layer via a

plurality of lances/tuyeres;

(c) smelting metalliferous feed material to metal in

the metal layer;
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(d) causing molten material to be projected as
splashes, droplets, and streams into a space
above a nominal quiescent surface of the

molten bath to form a transition zone; and

(e) injecting an oxygen-containing gas into the
vessel via one or more than one lance/tuyere
to post-combust reaction gases released from
the molten bath, whereby the ascending and
thereafter descending splashes, droplets and
streams of molten material in the transition
zone facilitate heat transfer to the molten
bath, and whereby the transition zone
minimises heat loss from the vessel via the
side walls in contact with the transition

zone.

A preferred form of the HIsmelt process 1s
characterized by forming the transition zone by injecting
carrier gas, metalliferous feed material, solid
carbonaceous material and optionally fluxes into the bath
through lances that extend downwardly and inwardly through
side walls of the vessel so that the carrier gas and the
solid material penetrate the metal layer and cause molten

material to be projected from the bath.

This form of the HIsmelt process 1s an improvement
over earlier forms of the process which form the transition
zone by bottom injection of carrier gas and solid
carbonaceous material through tuyeres into the bath which
causes droplets and splashes and streams of molten material

to be projected from the bath.

The applicant has carried out extensive pilot plant
work on operating the HIsmelt process with continuous
discharge of molten iron and periodic tapping of molten

slag from the direct smelting vessel and has made a seriles
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of significant findings in relation to the process.

One of the findings, which 1s the subject of the
present invention, 1s that the pressure in the direct
smelting vessel 1s an effective means of controlling the
level of molten metal 1in the vessel. This finding 1is
applicable particularly although by no means exclusively
to direct smelting processes which discharge molten metal

continuously and tap molten slag periodically.

In general terms, the present invention is a direct
smelting process for producing molten metal from a

metalliferous feed material which i1ncludes the steps of:

(a) forming a molten bath having a metal layer and a

slag layer on the metal layer in a direct smelting

vessel;

(b) supplying the metalliferous feed material,

carbonaceous material and fluxes into the vessel;

(c) smelting the metalliferous feed material to the

molten metal in the molten bath;

(d) 1injecting an oxygen-containing gas 1nto the

vessel to post-combust gases generated in the process;

(e) continuously tapping the molten metal from the

vessel via a forehearth;

(f) periodically tapping the molten slag from the

vessel ;

and which 1is characterised by controlling the 1level of

the molten metal 1n the vessel by adjusting the pressure

in the vessel.
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Preferably the process includes controlling the level

of molten metal in the vessel by the steps of:

5 (1) increasing the pressure 1in the vessel at any time
during a slag tap and up to 15 minutes after
completing the slag tap to a pre-determined
pressure Pl to compensate for an increase 1n
metal height as a consequence of tapping slag

10 from the vessel; and

(ii) after the vessel pressure reaches pressure Pl,
adjusting the pressure so that the pressure 1s a
lower pressure P2 at the next slag tap to

15 compensate for the effect of increasing slag
inventory on metal height during this period.

Preferably the pressure increase in step (i) is at
least 5 kPa.

20
Preferably step (i) includes increasing the pressure
in the vessel at any time during the slap tap and up to 10
minutes after completing the slag tap.
25 Preferably step (i) includes increasing the pressure
in the vessel only during the period of the slag tap.
The pressure may be increased in step (1) in a series
of steps or continuously.
30

Preferably step (i) includes increasing the pressure

in the vessel in a series of steps.
The pressure adjustment step (i1i) may include

35 decreasing the pressure in a series of steps or

continuously.
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Preferably adjustment step (ii) includes decreasing

the pressure in a series of steps.

Preferably the time interval between pressure

reduction steps is 20-30 minutes.

It is noted that within the above-described framework
of decreasing pressure from pressure Pl to pressure P2
there may be short term perturbations during which there
are one or more pressure changes against the established
trend of reducing pressure to pressure P2. For example, 1n
a situation where the vessel includes a forehearth for
tapping molten metal, there may be a need between slag taps
to reduce the vessel pressure to a pressure below P2 for a
short period of time to allow the metal level in the vessel
to increase sufficiently so that the metal level in the
forehearth decreases below that of the forehearth outlet
and thereby enables safe changeover of launders and torpedo

cars. After changeover is completed the pressure can be

increased as required.

The pressure adjustment step (ii) may include
adjusting the pressure to the lower pressure P2 over the
whole of the period of time to the next slag tap.
Alternatively, the pressure adjustment step may be
completed a period of time before the next slag tap and the
pressure held at the lower pressure P2 until the next tap.

The tap to tap period will vary depending on the range
of factors, such as the size of the vessel and the
injection rates and composition of feed materials.

Typically the period of time between slag taps is 2-3

hours.

Preferably the pressure increase steps and the

pressure decrease steps in steps (i) and (ii) are 0.5-2kPa.
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More preferably the pressure increase steps and the
pressure decrease steps in steps (i) and (ii) are 0.5-1.5
kPa.

Preferably step (b) includes injecting metalliferous
feed material, solid carbonaceous material, and fluxes into
the metal layer via a plurality of lances/tuyeres.

More preferably the solid carbonaceous material 1is

coal.

Preferably step (c) includes smelting the
metalliferous feed material to molten metal in the metal

lavyer.

Preferably the direct smelting process includes
causing molten material to be projected as splashes,
droplets, and streams into a space above a normal quiescent

surface of the molten bath and forming a transition zone.

More preferably the process includes injecting the
oxygen-containing gas into the direct smelting vessel via
one or more than one lance/tuyere and post-combusting
reaction gases released from the molten bath, whereby the
ascending and thereafter descending splashes, droplets, and
streams of molten material in the transition zone
facilitate heat transfer to the molten bath, and whereby
the transition zone minimises heat loss from the vessel via

a side wall of the vessel that is in contact with the

transition zone.

The term “quiescent surface” in the context of the
molten bath is understood to mean the surface of the molten
bath under process conditions in which there 1s no

gas/solids injection and therefore no bath agitation.
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Preferably the oxygen-containing gas 1s alr oOr

oXygen-enriched air.

More preferably the '"oxygen-enriched air contains

less than 50% by volume oxygen.

Preferably the process operates at high post-

combustion levels.

Preferably the post-combustion levels are greater

than 60%.

The metalliferous feed material may be any suitable
iron-containing feed material. The preferred feed

material 1s iron ore.
The 1ron ore may be pre-heated.
The iron ore may be partially reduced.

The present invention 1s described further by way of

example with reference to the accompanying drawings of

which:

Figure 1 1s a vertical section through a preferred
form of a direct smelting vessel for carrying out a

process for direct smelting 1ron ore to molten iron in

accordance with the present invention;

Figure 2 1s a graph of vessel pressure versus time

for one preferred embodiment of the process; and

Figure 3 1is a graph of vessel pressure versus time

for another preferred embodiment of the process.

The vessel 10 shown 1n Figure 1 has a hearth that

includes a base 3 and sides 55 formed from refractory
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bricks; side walls 5 which form a generally cylindrical
barrel extending upwardly from the sides 55 of the hearth
and which include an upper barrel section 51 and a lower
barrel section 53; a roof 7; an outlet 9 for off-gases; a
forehearth 77 which can discharge molten iron continuously;
a forehearth connection 71 that interconnects the hearth

and the forehearth 77; and a tap-hole 61 for discharging

molten slag.

In use, under steady-state process conditions, the
vessel contains a molten bath of iron and slag which
includes a layer 15 of molten iron and a layer 16 of molten
slag on the metal layer 15. The arrow marked by the
numeral 17 indicates the position of the nominal quiescent
surface of the iron layer 15 and the arrow marked by the
numeral 19 indicates the position of nominal quiescent
surface of the slag layer 16. The term “quiescent surface”
is understood to mean the surface when there 1s no

injection of gas and solids into the vessel.

The vessel also includes 2 solids injection
lances/tuyeres 11 extending downwardly and inwardly at an
angle of 30-60° to the vertical through the side walls 5
and into the slag layer 16. The position of the
lances/tuyeres 11 is selected so that the outlet ends 35
are above the quiescent surface 17 of the iron layer 15

under steady-state process conditions.

In use, under steady-state process conditions iron
ore, solid carbonaceous material (typically coal), and
fluxes (typically lime and magnesia) entrained in a carrier
gas (typically N;) are injected into the metal layer 15 via
the lances/tuyeres 11. The momentum of the solid
material/carrier gas causes the solid material and gas to
penetrate the iron layer 15. The coal is devolatilised and
thereby produces gas in the iron layer 15. Carbon
partially dissolves into the metal and partially remains as
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solid carbon. The iron ore is smelted to metal and the
smelting reaction generates carbon monoxide gas. The gases
transported into the metal layer 15 and generated via
devolatilisation and smelting produce significant buoyancy
uplift of molten metal, solid carbon, and slag (drawn into
the iron layer 15 as a consequence of solid/gas/injection)
from the iron laver 15 which generates an upward movement
of splashes, droplets and streams of molten material, and
these splashes, and droplets, and streams entrain slag as

they move through the slag layer 16.

The buovyancy uplift of molten metal, solid carbon and
slag causes substantial agitation in the iron layer 15 and
the slag laver 16, with the result that the slag layer 16
expands in volume and has a surface indicated by the arrow
30. The extent of agitation is such that there 1is
reasonably uniform temperature in the metal and the slag
regions - typically, 1450 - 1550°C with a temperature

variation of the order of 30° in each region.

In addition, the upward movement of splashes, droplets
and streams of molten metal and slag caused by the buoyancy
uplift of molten metal, solid carbon, and slag extends into
the top space 31 above the molten material in the vessel

and:

(a) forms a transition zone 23; and

(b) projects some molten material (predominantly
slag) beyond the transition zone and onto the
part of the upper barrel section 51 of the side
walls 5 that is above the transition zone 23 and

onto the roof 7.

In general terms, the slag layer 16 is a liquid
continuous volume, with gas bubbles therein, and the

transition zone 23 is a gas continuous volume with

IITM U 1 NN AT N MR M 4 1R LA 2 D] AT M
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splashes, droplets, and streams of molten metal and slag.

The vessel further includes a lance 13 for injecting
an oxygen-containing gas (typically pre-heated oxygen
enriched air) which is centrally located and extends
vertically downwardly into the vessel. The position of the
lance 13 and the gas flow rate through the lance 13 are
selected so that under steady-state process conditions the
oxygen-containing gas penetrates the central region of the
transition zone 23 and maintains an essentially metal/slag

free space 25 around the end of the lance 13.

In use, under steady-state process conditions, the
injection of the oxygen-containing gas via the lance 13
post-combusts reaction gases CO and H, in the transition
zone 23 and in the free space 25 around the end of the
lance 13 and generates high temperatures of the order of
2000°C or higher in the gas space. The heat is transferred
to the ascending and descending splashes droplets, and
streams, of molten material in the region of gas injection
and the heat is then partially transferred to the iron
layer 15 when the metal/slag returns to the iron layer 15.

The free space 25 is important to achieving high
levels of post combustion because it enables entrainment of
gases in the space above the transition zone 23 into the
end region of the lance 13 and thereby increases exposure

of available reaction gases to post combustion.

The combined effect of the position of the lance 13,
gas flow rate through the lance 13, and upward movement of
splashes, droplets and streams of molten material 1s to
shape the transition zone 23 around the lower region of the
lance 13 - generally identified by the numerals 27. This
shaped region provides a partial barrier to heat transfer

by radiation to the side walls 5.
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Moreover, under steady-state process conditions, the
ascending and descending droplets, splashes and streams of
molten material is an effective means of transferring heat
from the transition zone 23 to the molten bath with the
result that the temperature of the transition zone 23 1n
the region of the side walls 5 is of the order of 1450°C-

1550°C.

The vessel is constructed with reference to the levels
of the iron layer 15, the slag layer 16, and the transition
zone 23 in the vessel when the process is operating under
steady-state process conditions and with reference to
splashes, droplets and streams of molten material that are
projected into the top space 31 above the transition zone
23 when the process is operating under steady-state

operating conditions, so that:

(a) the hearth and the lower barrel section 53 of the
side walls 5 that contact the metal/slag layers
15/16 are formed from bricks of refractory
material (indicated by the cross-hatching in the

figure) ;

(b) at least part of the lower barrel section 53 of
the side walls 5 is backed by water cooled panels

8; and

(c) the upper barrel section 51 of the side walls 5
and the roof 7 that contact the transition zone
23 and the top space 31 are formed from water

cooled panels 57, 59.

Each water cooled panel 8, 57, 59 (not shown) 1n the
upper barrel section 51 of the side walls 5 has parallel
upper and lower edges and parallel side edges and is curved
so as to define a section of the cylindrical barrel. Each

panel includes an inner water cooling pipe and an outer
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water cooling pipe. The pipes are formed into a serpentine
configuration with horizontal sections interconnected by
curved sections. Each pipe further includes a water inlet
and a water outlet. The pipes are displaced vertically so
that the horizontal sections of the outer pipe are not
immediately behind the horizontal sections of the inner
pipe when viewed from an exposed face of the panel, ie the
face that is exposed to the interior of the vessel. Each
panel further includes a rammed refractory material which
fills the spaces between the adjacent straight sections of
each pipe and between the pipes. Each panel further
includes a support plate which forms an outer surface of

the panel.

The water inlets and the water outlets of the pipes
are connected to a water supply circuit (not shown) which

circulates water at high flow rate through the pipes.

The pilot plant work referred to above was carried out
as a series of extended campaigns by the applicant at 1its
pilot plant at Kwinana, Western Australia.

The pilot plant work was carried out with the vessel
shown in Figure 1 and described above and in accordance
with the steady-state process conditions described above.
In particular, the process operated with continuous
discharge of molten iron via the forehearth 77 and periodic

tapping of molten slag via the tap-hole 61.

The pilot plant work evaluated the vessel and
investigated the process under a wide range of different:

(a) feed materials;

(b) solids and gas injection rates;

(c) slag inventories - measured in terms of the depth

VST 1N L AL 2T U U G O E T M HOH e b L
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of the slag layer and the slag:metal ratios;

(d) operating temperatures; and

5 (e) apparatus set-ups.

In the context of the present invention it was found
in the pilot plant work that it is important to control the
level of molten iron in the vessel. If the iron level 1s

10 too close to the forehearth connection 71 then the metal
seal can be broken, with slag and gas entering the
forehearth 77 with undesirable consequences. In addition,
if the iron level is too high then there is a risk of
submerging the solids injection lances/tuyeres 11 with

15 undesirable consequences.

The level of iron in the vessel is a function of a
number of factors, and one factor is the depth of the slag
layer 16 on the iron layer 15, ie the slag inventory.

20

Specifically, as the slag inventory increases the iron
is pushed down by the added weight on the iron layer 15.

As the slag inventory decreases the level of the iron layer
15 rises. Accordingly, operating the process in the pilot

25 plant with periodic tapping of slag and continuous
discharge of molten iron means that there will be
significant variations in the slag inventory over the tap-
tap period, with significant variations in the level of
molten iron in the vessel.

30
The applicant found in the pilot plant work that
adjusting the pressure in the vessel is an effective means
of compensating for variations in the slag inventory and of
controlling the level of molten iron in the vessel to be
35 within an acceptable height range over a tap-tap period.

In particular, the applicant found that adjusting the
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pressure in the vessel in accordance with the profile shown
in Figure 2 enabled effective control of the molten iron

level in the vessel.

Figure 2 is a pressure-time profile for a tap-tap
period of 2% hours. It can readily be appreciated that the
general form of the profile is applicable to any tap-tap
period.

With reference to Figure 2, immediately after the
completion of a slag tap, the vessel pressure 1s increased
from 70kPa at lkPa/minute to 75kPa. This relatively large
increase in vessel pressure in a relatively short period of
time compensates for the increase in the iron level
resulting from tapping slag from the vessel. The increase
in pressure is achieved by adjusting control valves (not
shown) of the off-gas discharge duct 9.

As a general proposition it is desirable to i1ncrease
the pressure as quickly as possible from the tap pressure
to the target pressure within the constraints of the
vessel. One such constraint is that there could be a surge
of molten metal through and from the forehearth 77 if the

pressure is increased too quickly.

With further reference to Figure 2, after reaching the
target pressure of 75kPa, the pressure is reduced to 70kPa
in a series of 1 kPa steps each over a 25 minute time
period. The reduction in pressure over this period
compensates for the reduction in iron level caused by the
build-up of slag in the vessel during this period.

Figure 3 illustrates another, although not the only
other, option for adjusting the pressure in the vessel 1in
order to compensate for variations in the slag inventory

and to control the level of molten iron in the vessel over

a tap-tap pericod.
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Figure 3 is a pressure-time profile for a tap-tap

period of 2% hours.

In accordance with the pressure adjustment option
illustrated in Figure 3 the pressure 1is increased in a
series of lkPa steps from 70 to 75kPa during the course of
the 10 minute period of a slag tap. This relatively large
increase in vessel pressure in a relatively short period of
time compensates for the increase in iron level resulting
from tapping slag from the vessel. As with the pressure
adjustment option illustrated in Figure 2, the pressure

increase is achieved by adjusting control valves of the

off-gas discharge duct 9.

Many modifications may be made to the preferred
embodiment of the process of the present invention as
described above without departing from the spirit and scope

of the present invention.
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CLAIMS:

1. A direct smelting process for producing molten
metal from a metalliferous feed material which includes

the steps of:

(a) forming a molten bath having a metal layer and a
slag layer on the metal layer in a direct smelting

vessel;

(b) supplying the metalliferous feed material,

carbonaceous material and fluxes into the vessel:

(c¢) smelting the metalliferous feed material to the

molten metal 1n the molten bath;

(d) 1njecting an oxygen-containing gas 1into the

vegsel to post-combust gases generated in the process;

(e) continuously tapping the molten metal from the

vessel via a forehearth;

(£) periodically tapping the molten slag from the

vessel;

and which 1s characterised by controlling the level of
the molten metal 1in the vessel by adjusting the pressure

in the vessel.

2. The process as defined in c¢laim 1 includes
controlling the level of the molten metal in the vessel

by the steps of:

(1) 1increasing the pressure 1in the vessel at any
time during a slag tap and up to 15 minutes after

completing the slag tap to a pre-determined pressure Pl
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to compensate for an increase 1n metal height as a

consequence of tapping the slag from the vessel; and

(11) after the vessel pressure reaches pressure P1,
adjusting the pressure so that the pressure 1s a lower
pressure P2 at the next slag tap to compensate for the
effect of increasing the slag 1nventory on metal height

during this period.

3. The process as defined in claim 2 wherein the

pressure increase 1n step (1) 1s at least 5 kPa.

4. The process as defined in claim 2 or 3 wherein
step (i) includes increasing the pressure in the vessel
at any time during the slag tap and up to 10 minutes

after completing the slag tap.

5. The process as defined in any one of c¢laims 2 to
4 wherein step (1) 1includes 1increasing the pressure 1n

the vessel only during the period of the slag tap.

6. The process as defined in any one of claims 2 to
5 wherein step (1) 1ncludes 1ncreasing the pressure

continuously.

7. The process as defined in any one of claims 2 to
5 wherein step (1) includes increasing the pressure in a

series of steps.

8. The process as defined in claim 7 wherein the

pressure 1ncrease steps are 0.5 to 2 kPa.

9. The process as defined in claim 8 wherein the

pressure increase steps are 0.5 to 1.5 kPa.
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10. The process as defined in any one of claims 2 to

9 wherein step (ii) includes decreasing the pressure

continuously.

11. The process as defined in any one of claims 2 to
9 wherein step (ii) includes decreasing the pressure in a

series of steps.

12. The process as defined in c¢laim 11 wherein the

pressure decrease steps are 0.5 to 2 kPa.

13. The process as defined in claim 12 wherein the

pressure decrease steps are 0.5 to 1.5 kPa.

14. The process as defined in any one of claims 11
to 13 wherein the time 1interval between the pressure

decrease steps is 20 to 30 minutes.

15. The process as defined in any one of claims 2 to
14 wherein step (ii) includes adjusting the pressure to
the lower pressure P2 over the whole of the period of

time to the next slag tap.'

16. The process as defined in any one of claims 2 to
14 wherein step (ii) is completed a period of time before

the next slag tap and the pressure 1s held at the lower

pressure P2 until the next tap.

17. The process as defined 1n any one of claims 2 to

16 wherein the period of time between the slag tap steps

1s 2 to 3 hours.

18. The process as defined in any one of the claims
2 to 17 wherein step (b) 1includes 1njecting the

metalliferous feed material, the solid carbonaceous
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material, and the fluxes into the metal layer wvia a

plurality of lances/tuyeres.

'19. The process as defined in any one of claims 2 to
18 wherein step (c¢) includes smelting the metalliferous

feed material to the molten metal i1n the metal layer.

20. The process as defined in any one of claims 2 to

17 wherein the molten material 1s projected as splashes,
droplets, and streams 1into a space above a normal

quiescent surface of the molten bath and forming a

transition zone.

21. The process as defined in c¢laim 20 1ncludes

injecting the oxygen-containing gas 1into the direct
smelting vessel via one or more than one lance/tuyere and
post-combusting reaction gases released from the molten

bath, whereby the splashes, droplets, and streams of the
molten material in the transition zone are ascending and
thereafter descending to facilitate heat transfer to the
molten bath, and whereby the transition zone minimises

heat loss from the vessel via a sgide wall of the vessel

that i1s 1n contact with the transition zone.

22. The process as defined in claim 21 wherein the

oxygen-containing gas is alr or oxygen-enriched air.

23. The process as defined in any one of claims 1 to

22 whereln the molten metal 1ncludes i1ron.

24, The process as defined 1n any one of claims 1 to

23 wherein the molten metal 1ncludes a ferroalloy.
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