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ON PNEUMATIC LADLE METALLURGY -
KINETIC S AND DEVELOPMENTS IN INJECTION TECHNOLOGY

Stefan Gustafsson
Scandinavian Lancers Int. AB, Hbganids, Sweden

1, INTRODUCTION

Ladle metallurgy has become an indispensible part of
steelmaking. Especially in combination with contineous
casting. Also in refining and alloying of non-ferrous
metals, ferroalloys and aluminium have ladle metallurgy
processes been applied.

Along with the develeopment of ladle metallurgy [or pro-
duction of ultra clean steels and for improving the effi-
ciency and thereby the process economy the demands on

all added materials have gradually increased. Every pro-
cess step should be carried out gquickly and without dis-
turbing side reactions, pick up of H, O or N or heat
losses. All consumables should thus have an optimum com-
position and particle size, be completly dry and not cause
any environmental problems.

Inert gas stirring by lance and porous plug together with
powder injection have become the mosi utilized ladle
metallurgy processes. It is due to the great metallurgical
potentials, the high flexibility and alsc due to the low
investment cost. According to Wakayama /1/ nearly every
second BOF shep and nearly 35% of the EAF shops have
powder injection equipment today. The massive Introduction
of pretreatment of hot metal by lance injection in Japan
in the 1980°s have also shown the ability of powder injec-
tion for real heavy duty usage.

The aim of this paper is to briefly review some areas

of development of both know how and equipment in the field
of gas and powder injection and the relation of that to
added materials composition and size.

2. KINETIC CONSIDERATIONS IN GAS AND POWDER INJECTION

A large number of industrial and scientific papers have
been published on gas and powder injection during the
last 10 years in specialised conferencies /2,3/. "The
Shenyang symposium on injection metallurgy and secondary
refining of steel” in 1984 also included several such
presentations.

Gas stirred melts can be characterised assystems with
high surface turbulence, moderate melt circulation and
low bottom turbulence and meli velocities. Inductive
stirring on the other hand gives a more homogeneous Flow
with similar turbulence throughout the melt and with high
melt velocities at the surface and at the bottom. This

is illustrated in Fig. 1 /4,5/ together with combined
stirring.
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Fig. 1. Hot film annemometer measurements at the center
line of a cylindric water model with a set of propellers
simulating the inductive stirring.

Each data point in Fig. 1. shows the average of 150 mea-
surements and the stirring power from the propeller stirr-
ing is defined such that it is egqual to that of gas stirr-
ing when the mixing time is equal.

The turbulent surface by gas stirring provides very good
conditions for slag/metal or gas{vacuum) /metal mass
transfer. The mechanical stirring and inductive stirring
with high bottom velocity and a relatively high bulk tur-
bulence is suitable for dissolution of heavy scrap or
alloys and extensive deoxidation. The calm surface by
inductive stirring alsoc provides suitable conditions for
arc heating with short arc’'s.

A combined stirring may create a comprehensive pattern
without weak parts. It also allows a great flexibility

by aiternating from pure gas stirring to inductive stirr-
ing in the latter part of the treatment.

In ladle metallurgy systems a large number of part react-
ions,connected in series, take place. The slowest reaction
centrol the total rate of reaction. Slag transport can

be rate controlling at high impurity concentrations while
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metal phase transport can be rate controlling in the end
of the treatment at low impurity levels.

In refining and alloying the followling transport mecha-
nism s are considered the most important /6,7/.

a) Bulk metal circulation flow rate,.
b) Turbulent transfer to, or from, reaction boundairy.
c) Diffusional transfer in micro areas.

The circulation flow rate can sometimes be rate controll-
ing 1n powder injecticn. Especially in torpedos where
secondary volumes are formed in the long vessel.

In a gas stirred ladle the mixing time ,t_ , for 95% homo-
genisation, 1is a convinient concept. The circulation flow
rate is directly proportional to the mixing time such
that

th = 37t (1)

where tC is the circulation time.

According to Sanc and Mori /8/ the stirring power in
gas injection can be expressed,

- Y 0. g

£ UGM 1 g HO {2)

where V.. is the gas flow rate at melt temperature and
at a logaritmic mean pressure P . YL the melt density,
g gravitional constant and HO tﬂe melt depth. The mean
pressure is defined,

Py = Py

where Pl = P2 + ?L‘g‘HO and P2 the atmospheric pressure,

- I /
P,/1n Py /P, (3)

A useful relation between the stirring power and mixing
time based on a circulation model which agreed well with
several measurement was also presented,

ty = 100 ((DEEHO)E/é) 0.337 (4)

Murthy and Szekely have also published a similar more
general relation which also include an efficiency factor,
n, of the power input,

to = ((80/nt/3 L2813 (5)

By equating (4) and (5) the efficiency factor for gas
stirring was found to be approximately 507%.
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Fig. 2. Mixing times versus normal gas flow rates in
1adles of 340, 100 and 20 tonnes and an assumed DXHO =1,

Mixing times according to egs (2}, (3) and (&) are given
in Fig. 2. At normal gas flow rates for gas rinsing the
mixing time 1is around 2 minutes for 340 tonnes heatl size,
1 minute for 100 tonnes heat size and below 30 seconds
for 20 tonnes. The mixing time Increases rapidly at very
low gas flow rates. The corresponding Circulatio% fflow
rate is for instance 170 tonnes/minute at 50 N%m Jminute
gas flow rate and 340 tennes/minute at 400 Ndm~”/minute
in a 100 tonnes ladle.

From the egs (1) - (5) it can be concluded that high
circulation flow rate can pe created by,

a) High gas flow rates.

b) Low atmospheric pressure.

<) High bath depth and small ladle diameter.

d) small ladle size.
The turbulent mass transfer to or from dispersed solid
particles, in the reaction zone, will depend on eddies
in the immediate vicinity which are of the same size OU
amaller than the particles. fddies larger than the par-
ticles will only move the particles J107.
Emperical equation as telow,

sSh o= Km d /D = K + K 'Rel'fz. 8L1/5 (6)

& 172 P
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Kolmogoroff Eddy Size {um}

can be au yuate for the mass transfer. Re 1is the par-
ticle Reynold number (4 _-u /D), Sc is thePSchmidt number
YD and K PespectivelypK Pare constants which can have
numbers eéual to 0-2 and 6.6-1.1 respectively.

The smaller particle size and the higher relative velo-
city , up, the higher mass transfer rate,

Asai /11/ however quoted low temperature experiments /12/
which showed an optimum particle size at around 40-50 um.
At both lower and higher particle diameters were the mass
transfer rate lower.

The smallest efficient particle size can be found by com-
parison with Kolmogoroff s isotropic eddy size.

n= (v3gyt/H (7)

which show the size of the small eddies in a turbulent
fluid.

100 | L
80 L -
60 | L — 340 t ladle
\‘_k""‘——‘
40 | i \\\MHx“““Hﬁahﬁhﬁhhﬁﬁ_ﬁ__m#n_ﬁ*_q
20 L | 20 t ladle
0 Lo w0 v e T S T S S S ST

10 102 10% 10®  10% 200 600 1000 1400 1800 2200

Stirring Power (W/t) Gas Flow Rate (Ndmz/anutE]

Fig. 3. Kolmogoroff s eddy size versus st%rring power
and gas flow rate in liquid steel at 1600°C.

In Fig. 3. 1t can be seen that to obtain eddy sizes below
for example 10 um, stirring power larger than 10”%W/ tonne

is necessary. Under normal gas and powder injection con-

ditions in ladle metallurgy the eddy size is in the range
of 40-50 um.

For particles in stagnant melt conditions, boundary film

diffusion with the particle radius as film thickness and

the particle surface area as reaction area, takes place.

This is a much slower process and correspond to,

Sh = 2 (8)
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in eqn. {6} above.

When the particles which are injected becomes liquid
the mass transfer increases and it may be described by
Higbie s surface renewel theory,

k= 2(p/me)t/2 (9)
where t is the contact time for the particle between each

surflace renewel,

t = d_/u (10}
p/ B

When a solid layer is formed on the surface through which

diffusion must happen, the mass transfer becomes slow

and the powder efficiency low. Such a rate eqn is des-

cribed by Emi and Iida /6/.

3. DEVELOPMENT OF INJECTION PRACTISE AND EQUIPMENT

The recent development concerning injection technology
was reviewed by Carlsson and Berg /13/ recently.

A modern injection station consist of one dispenser for
each type of powder. The dispensers are controlled by

a PLC and sequens injection of all the powders can be
carried out automatically without 1lifting the lance. Gas
stirring with a separate lance is also included in the
sequence, Simultanecus injection of two powders can also
be carried out by careful pressure -regulation and con-
nection of the two powder dispenser hoses near the lance.

By sequence injection with inert gas flushing-coke-lime-
CaBi-lime-inert gas rinsing an eflficient treatment includ-
ing top slag preparation, recarburisation, deoxidation
desulphurisation, inclusion modificaticn as well as inclu-
sion separation by the powder injection and gas rinsing
can be carried out within a 15 minute cycle.

Injection of a Ca0/CaSi mixture or simultaneocus injection
of Ca0 and CaSi have also shown to be efficient ways Lo
reduce the N-pick up during extensive desulphurisaticn
and Ca treatment. A 30/50 mixture reduces the N-pick up
with about 50% compared with injection of CaSi only.

Desulphurisation ¢f hot metal by simultaneous injectltion
of for instance Mg and Ca0 is a very flexible process
by which the most economic mixture can be used in each
case with consideration of hot metal temperature and
starting respectively final sulphur concentrations.

Contineous change of the dispenser ocutlet nozzle diameter
is another development which is under testing together
with MEFOS in Sweden. By such arrangement can the powder
flow rate be reduced during a desulphurisaticn course

to improve the powder efficiency at low sulphur concen-
tration.
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A very Interesting development in the field of injection
technology is the use of very finc powders. There are
many different conditions which can decide the most
appropriate powder size range,.

a)l Availability and price of the powder,

b} The behavior of the powder in the injection.
equipment.

c) The influence on lance clogging.

d) Reaction mechanism’'s in the liquid metal.

e) Environmental problems {dusting).

) Absorption of humidirty.

Dens phase flow In opposit te dilute phase flow has been
utilized in pneumatic conveying of fine powders for many
years. Such powders, as cement and flying ash can be
conveyed smoothly at low gas velocities, 5-10 m/s, and
thus at high solid loading ratios (kg powder/kg gas).
Dens phase is not clearly defined but it is usually con-
sidered above a solid lcocading ratio of 25,
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Fig. 4, Dixon’s slugging diagram for pneumatic conveying
in a 2 inch pipe /i8/.

Group A powders often have good air retention proporties
and can be conveyed smoothly in dens phase., B and D can
also be conveyed in dens phase but as slugs which makes
the flow uneven and not suitable for injection in melts,
Materials in group C are to fine and are likely to be
cchesive.

Optimum powder mean size js 0.002-0.1 mm according to
Fig. 4. depending on particle density but more important
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the air retention preoporties.

Another important aspect 1s the powders tendency of arch
formation in the dispenser under pressure. This is
avoided by using free flowing powders usually obtained
by a restricted amount of fines. This can not easily be
quantified instead practical tests of the powder must

be carried out.

The positiv influence of fine powders and high solid load-
ings on lance clogging have clearly beep shown /15-17/.
Irons /16/ suggest a model of uncoupled or coupled powder
gas behavior which are promoting bubbling respectively
Jetting discharge outside the neozzle. The optimum mean
particle size according to above model, agrees well with
what was suggested in Fig. 4 group A materials.

The contact between the melt and the injected particles
can depend on the discharge regime e.i. bubbling or Jjett-
ing. Bubbling requires larger particles size for pene-
tration than jetting. According to Hara /18/ and Narita
/19/ 1s the critical particle size for trapping during
injection of fine CaCo, (-0.1 mm} based mixtures <2 um

1 injection alloying o? liquid aluminium /20/ on the other
hand was the c¢ritical particle size found to be around

20 um.

The use of dens phase injection with low gas flow rate
will increase the mixing time and thus decrease the melt
circulation flow rate., If the gas consumption during in-
jection of 120 %g powder/minute can be decreased from
1200 to 600 Ndm”/minute the circulation flow rate is
lowered from about 830 to 650 tonnes/minute, equal to
20% and the Kolmogeroff s eddy size is increased from
about 60 to 70 um.

4. INJECTION FOR HOT METAL PRETREATMENT

Complete pretreatment of hot metal has been extensively
applied in Japan during the last 5 years. It has been
regarded as a major cost saving methode in integrated
steel works. Today the major tonnage of hot metal from
the large steel producers is pretreated., The hot metal
is afterwards decarburised in combined-or top and bottom
blowing converters with a low amount of slag.

The hot metal pretreatment in Japan considered of desili-
conisation in the blast furnace runners, and after tapping
when necessary, to <0.15% 3i followed by simultianecus
dephosphorisation and desulphurisaticon by lance injection
of lime and iron ore based powders in the torpedo or
ladle. The main benefits of pretreatment in Japan are
considered to be,
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