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Table €6 Radial resistivity profile round the electrode

r Bl4 (unreduced) Bl4 (reduced for 2 hrs at 155000)
(m) +(°c) P (chm cm) t(°c) P (ohm cm)
c,8 1900 0,230 1900 05202
1,0 1775 0,301 1797 0,247
1,5 1564 0,538 1660 0,%03
2,0 1454 0,725 1529 0,320
2,5 1392 0,870 1477 0,495
3,0 1348 1,060 1444 0,525

6.5 The importance of viscosity

The manner in which slag viscosity influences furnace operation and

eventually production was briefly cutlined in chapter 1.

Stokes' law gives tne basis for determining the rate of settling of metal

droplets through a slag medium:
i

2 Rpg
29

where v = terminal velocity of the

v =

i i nxs smnshis

settling reculi.

Such a relationship is modified by ithe turbulent conditions thought
&

o exist in the furnace close to the electrodes. Apart from the turbulence

factor, effective viscosity is drastically increaced by the presence of

solid particles. ©Such a possibility is not ruled out in this system

where an increase in the liquidus temperature was shown to take place

even in homogenized reduced slags, apart from the welatively drastic in-

creases in viscosiiy avove the melting temperature, that accompany reduc-

tion. Moreover, the very important aspect that was not covered in this

work, is the formation of finely dispersed particles of titanium carbide

in the slag phase. Qualitatively, it may still be assumed on the basis

~ : ~

of rates of reduction to lower oxides,

start soo ]

ninm oxide content.

St 2.4.6: Bd=am 162 2.5 )
secilion -..4. . )} = T L TS S¥ B 24 ¥

/ 10

tnat the formation of

—t

cartide will

ner in slags of high btasiecity, high 1{g0/Ca0 ratio and high tita-

According to the Einstein equation already given in

/ 5\
seevsseall?), 'Where
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= viscosity of the homoheneous medium,

i

7o A
N effective viscosity of the heterogeneous system and

¢ = degree of heterogeneity.

Such heterogeneity also influences the overall process through visceosity
in a different sense. It was mentioned in section 2.4.6 that Freiden-
zon(22) calculated, from the analyses of the slag and metal fractions of
"buckshot slag" formed during prcducticn of vanadium bearing pig iron in
a blast furnace, the modified viscosities of both the vig iron and the
slag in such particles. He suggested values of 0,4 poise and 28 poise
for the two products respectively. With diffusion being a function of
viscogity, refining of the buckshot metal becomes virtually a physical
impossibility. This does not even take into account the possibility that
coated metal droplets will cozlesce with the metal bzth only with the
greatest difficulty. It was mentioned in section 4.2.5.1 that evidence

of this problem was found during this research programme zas well.

The rate-at which recoverable oxides dissolve in a slag phase can be des-
cribed by the Nernst eguation:

n(oS - co)s

~ \
S = ——é“——' ..........(14),
where § = amount of material dissolved per unit time,
S = surface area,
Cg,CO = concentrations at the surface and in the bulk,

= diffusivity,

O~
It

thickness of the diffusion layer.

(k.

It was suggested by Jommston

6 o ')n, where n = 5 - 1,

It is also known that D is a function of the viscosity.

It must however be pointed out that the viscosity wvalue that Is important

in this sense, is preobably that of the primary slag formed in the reaction

Finally, it was indicated in section 5.2 tnat, under reducing conditions,

the reduction of titanium ox ide eventually became a function of visec osity.

For slag Bl4 reduced at ISEO'C, he relationship might be cxpressed as:



a4 Cpio - :
LA ey = 0,20 - 0,109........{(15), where
dt
d CTiP
i = rate of Ti0, reduction in mass % /win
dz
and N = viscosity (poise).

Such a ecorrellation cannot be expected to be unique to the reductiorn of

£
g

titanivm oxide. Similar considerations must apply to the final reduc-
tion of iron and vanadium oxides from the slag by solid carbon and by
carbon dissolved in the metal. Desulphurization of the metal by the

slag either when the two layers are finally in contact or when metal drop-
lets are settling thrcocugh the slag layer, must also be influenced by the

slag viscosity.

Even though the final viscosities attained after severe reduction in this

0

work are by no means large, such figures musti be evaluated relative to
the viscosities of unreduced slags. This clearly shows the inhibiting
action that slag thickening might have, relative to operation under

"easy" conditions.

Again using slag Bl4 as an example and basing calculations on the radial
temperature profile of section 6.3, viscosities corresponding to the va-

rious conditions were calculated:

Table 67 Radial viscosity profiles around the slectrode

: Bl14 (unroduced) Bl14 (reduced 2 hrs at 355900)
5 PPN | i - n (cp) t(°c) n (cp)

0,8 1900 17 1900 29

10 75 26 1797 47

35 1564 58 1660 a6

2,0 1454 87 1529 204

225 1392 EER 1477 230

3,0 1343 158 1444 -

5,5 1334 183 1429 ¢

4,0 1321 226 1418 =
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6.6 Conclusion

Although the remarks in connection with liquidus temperature, viscosity
and electrical resistivity in this chapter are largely speculative, thney
do serve, through comparison, to stress the effects of major changes in

slag composition.

The melting‘temperatures of these slags are of paramount importance,
particularly as the tapped slag will rarely possess the liquidus temper-
ature predicted by a phase diagram. Moreover, laboraitory determinaticns
of viscosity and resistivity performed for a particular slag composition,
have little indusirial significance if the slag in the furnace iz helow

its liquidus temperature.

The combined effect of the changes in the various properties, under re-
ducing conditions, can certainly assert itself when slag becomes confined
under ccnditions of high temperature in the presence of excess reductant.
Such a possibility, leading to crater formation, has already been discussed
in section 6.3 in conjunction with possible increases in melting temper-
ature. When such a condition arises and titanium oxide is reduced uncon-
trollably, viscosity and electrical conductivity will also increase.
"Boiling" will be promoted locally due to the lower fluidity and the lower
degree of slag superheat and eventually due to =olid particles consisting
of titanium carbide. The condition will deteriorate due to high electirode
position and the consequent ccoling of the slag. The more viclent tur-
bulence near the electrode tip will deposit more and more high melting

material on the "walls of the crater".

An attempt to suggest corrective measures according to bad operat

gymptoms on the basis of laboratory findings, would be futile. DMoreover,

the author believes that little can be added to what has already been es-

tablished at the plant. If the system is known to be cvercarbened and

titanium oxide to be in severely reduced condition, the most logical step

is thz removal of the trouble source - addition of oxygen in its most

readily available form eg. hematite. If the composition of the boiling

slag is known, particularly with respect to basicity, limestone might be

a great aid to lower the melting temperature of the slag by inéraasing the
©

Ca0/Mg0 ratio. However, if the basicity is already high, little will be

gained. In such an instance, gilica in conjunction with limestone mi



-

be more feasible, re

[45]

toring target basicity and holding the possibility

<

of local fluxing in the low temperature sphene composition range

However, troublesome operation is not the rule and it appears far more
logical to avoid operational possibilities calling for "instant correction"
Heat is used in the furnace mainly for reduction reactions and for actually

heating the contents of the furnace. With a constant feed rate, it appears

feasible that the ratio of these reguirements must be disturbed as little
ss possible. This means that the feed must also be a constant with res-

pect to the degree of prereduction and fixed carbon content.

Electrode erosion and continual carben addition from this source is un-
avcidable. More gevere electrode breakages occur. Extra carbon added

in this manner is not a controllable parameter. Scme of it will dissolve
in the metal, but accumulation that also appears unavoidable, not only
‘interferes with tapping, but may eventually contribute substantialily to

the condition of "overcarboning". Periodic cleaning of the furnaces should
be accepted as an absolute necessity in a process where slag properti

are influenced by the presence of excess reductant.
these requirements so brecadly repeated here, are implemented, the autnor
firmly believes that the process will tolerate variation in slag composi-

tion over a very wide region without serious effect on metal chemistry.

The object of this research work was to clarify some of the peculiarities

of titaniferous slags when they are subjected t¢ reducing condi
the amount of care exercised during the experimental werk, it is be

that this goal was achieved.

The aim was not to find an optimum slag composition. The programme did not
involve a search of any nature, but was confined to slag compositions in

or adjacent to the region that is familiar to the plant. It is evident
however, that optimizatiou would have to be based on the degres of re-
duction of titanium oxide in the slag. In this connection one ig confronted

slag is to be considered important.

; o
probably close to some he high-
3 3 | o s 1
, in their unreduced state. The
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the basicity range 1,4 to 1,5 , reduced for the equivalent of 60 minutes
at 155000. Under conditions of severe overcarboning, the state of the
slag is likely to be outside the range tested. For such extreme conditions
the optimizing parameter would be hest defined as the rate of reduction

of titania to lower oxides and eventually to carbide.

Finally, four parameters were determined experimentally - liquidus temper-
ature, viscosity, electrical resistivity and apparent rate of titanium
oxide reduction. The first three are differently affected by the last
Although it was attempted in previous sections to point out the importance
of each of these, it is not possible to assess their relative significance

to furnace operation

The exercise that follows, must be interpreted in the light of the above

comments. Not even all the basic slag compositions investigated, will be

inciuded. The aim is primarily to show that,.if optimization is atiemp-

ted, the following facts must be borne in mind:

(a) The parameters viscosity, liquidus temperature and electrical resis-
tivity are 211 significant in the process.

(b) The slags must be compared under the conditicns that are pertinent

to the problem.

For the paroooe of the exercise, the following parameters were defined:
(a) ¢, = R_./R..,. The values of R represent "radii of reaction zones"
L s1’ "Bl4

calculated by the technigue outlined in section 6.3. qu is the
radius evaluated for any slag composition, as the radial distance

ct

from the electrode centre, where the temperature drops to below the

Bl4

liquidus temperature of the slag. R, which was previously given as
3,0 m, is the corresponding value for the unreduced state of

that is taken as representative of average plant cperation.
(b\l G = £ /0 B 1 the resistivits £ 5 P TG qlac £ +the
) Cp = Jo1/Pais *erejﬁsl is the resistivity of a given slag at the
temperature predicted to exist 2t a radius of 2 m from the electrode
axis. The temperature is found fromr the radial profile used in

t 4

1
; - N
(0,71 ohm cm}j

AFuln,F)D|4 is the same parameter for unreduced Bl4
R ; / m £ S ’
(e) Co =9, /n .. The symbols have the same meanings as in (b} except
s 514'15L E =

for Bl4 is 0,85 poise.
mn

{d) €' = . % Cp + cn

L
ey 5 AN 3 -

The value of C' for unreduced Bl4 would then be 3,0.
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Although egual importance is assigned te the three parameters, they are
dimensionless, take account of liguidus temperature and refer to values
of resistivity and viscosity at comparatively realistic temperatures

which also take into accouant the liquidus temperature of the slag.

For the purpose of the calculation, only the slags used in section 6.4
tes from

were considered to show the main trends when composition devia
Ca0/Mg0 and (Ti0, + 41,0, ).

‘that of Bl4 with respect to (Cad + 14g0)/810,,,
The calculations were performed for the unreduced slags as well as for
the slags reduced by carbon for 60 minutes at 155000. The choice of these
conditicns is again based on the behaviour of Bl4, as it was indicated
previously that such a state of this slag appeared to represent approxi-
mately conditions in the furnace whan operation is rormal. The calculated

values are given in table 68.

The table shows in compact form, the trends that might be expscted from
a detailed examination of the experimental resulis:

(a) For the variables (TiO, + 41 and (Mg0/Cal), the trend shown
i 2

23

by the unreduced slags is enhanced for the reduced slags.

(b) For variation in basicity, the trend is reversed.

/

A rather sweeping conclusion on the basis of these values would be:

(a,

N

If the basicity is to be maintained at 1,4 to 1,5 , improved operation

compared with the present, should be obtained from either grsater

s L o P ~ . { _r ) ot
dilution or from addition of limestone {and silica tc keep the basicity

constant). The first alternative is unattractive for cbvious reasons.

N
o
St

Based purely on this exercise and the sters used in it, a de-

e
jab]
M
5
2
(¢

o

crease in basicity to values closer to 1,0 can only be beneficial.
However, bearing in mind the deleterious effect cf such a change
on desulphurization, it is less advisable than an increase in the

Ca0/iig0 ratio.
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Table 68 Values of C' for major changes in composition
Slag No. Increasing poth T2 €Y AR Ve Cp et gl & g 8 S 1 a g s r.e & W e e
variable for 60 minutes at 1550°C
of + o b Ny + . oy '
Ref.temp. C Cn Cp C Ref.temp. ('L C6 Cp C
('Q and @ ) ‘ (f) and P )

A5 1480 1,005 087 1a30" 3. kT 1460 15005 1,00 &h,00 5% 00
Bl4 (T:i_OzJ.—Al,{zO%) 1460 1:00. 1500 B,00 F,00 1536 0,995 0,49 0,599 2,35
c23 1536 0395" 1,45 0,70 2,80 1580 0,91 0,83 0,33 2,07
Bl3 1460 100 1,02 1,08 3,10 ' 1460 1,005 0,83 0,86 "2,6
B14 (MgO/Ca0 ) 1460 15000 1,00 3,000 %00 1536 * 0,95 0,79 0,5 2,3
Bl5 1560 0392, 1,00 1,08 3,00 1600 0,917 0,83 0,71 2,20
Bil 1536 Us95. 1,15 ©,85 2,35 1548 0,93 0,65 0,55 2,13
B14 $i0,/(Ca0+Mg0) 1460 1,00 1,00 1,00 3,00 1536 0,95 0,79 0,5 2,33
317 1495 0,99 Cet2 1,45 2,84 . 1550 0,92 0,65 “0.86 % .43
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